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PREFACE

A joint program is underway between the EPA Offices of Radiation and Indoor Air (ORIA) and
Solid Waste and Emergency Response (OSWER), the DOE Office of Environmental Restoration
and Waste Management (EM), and the NRC Office of Nuclear Material Safety and Safeguards
(NMSS). The purpose of the program is to promote the appropriate and consistent use of
mathematical models in the remediation and restoration process at sites containing, or
contaminated with, radioactive materials. This report is one of a series of reports designed to
accomplish this objective. Other reports completed under this program have identified the models
in actual use at NPL sites and facilities licensed under RCRA, and at DOE sites and NRC sites
undergoing decontamination and decommissioning (D&D), as well as the role of modeling and
modeling needs in each phase of the remedial investigation. This report specifically addresses the
selection of ground-water flow and contaminant transport models and is intended to be used by
hydrogeol ogists and geoscientists responsibile for identifying and selecting ground-water flow and
contaminant transport models for use at sites containing radioactive materials.
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SUMMARY

A TECHNICAL GUIDE TO GROUND-WATER MODEL SELECTION
AT SSITESCONTAMINATED WITH RADIOACTIVE SUBSTANCES

S.1 INTRODUCTION

A joint program is underway between the
Environmental Protection Agency (EPA) Offices of
Radiation and Indoor Air (ORIA) and Solid Waste and
Emergency Response (OSWER), the Department of
Energy (DOE) Office of Environmental Restoration
and Waste Management (EM), and the Nuclear
Regulatory Commission (NRC) Office of Nuclear
Material Safety and Safeguards (NMSS). The purpose
of the program is to promote the appropriate and
consistent use of mathematical models in the
remediation and restoration processat sitescontaining,
or contaminated with, radioactive materials. This
report, which is one of a series of reports designed to
accomplish this objective, specificaly addresses the
selection of ground-water flow and contaminant
transport models. It is intended to be used by
hydrogeologists and geoscientists responsible for
identifying and selecting ground-water flow and
contaminant transport models for use at sites
contai ning or contaminated with radioactivematerials.

Previousreportsin this series have determined that the
types of models and the processes that require
modeling during the remedial process depend on a
combination of the following five factors:

reasons for modeling,
contaminant/waste characteristics,
site environmental characteristics,
site land use and demography, and
phase of the remedial process.

gkrowpdNE

This report describes and provides a rationale for the
methods for selecting ground-water flow and
contaminant transport model sand computer codesthat
meet the modeling needs at sites containing, or
contaminated with, radioactive materials. The
selection process is described in terms of the various
site characteristics and processes requiring modeling
and the availability, reliability, and useability of the
computer codes that meet the modeling needs.

Though this report is limited to a discussion of the
model selection process, the proper application of the
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selected codes is as important, if not more important,
than code selection. A code, no matter how well suited
to a particular application, could give erroneous and
highly misleading results if used improperly or with
incomplete or erroneous input data. Conversely, even
acode with very limited capabilities, or a code used at
a site which has not been well characterized, can give
very useful resultsif used intelligently and with afull
appreciation of the limitations of the code and the
input data.

It was not possible, within the scope of this report, to
address computer code applications, quality control,
and the presentation and interpretation of modeling
results. Future reports to be prepared under this
program will address these important topics.

Thereport isdivided into five sections. Following this
introduction, Section 2 presents an overview of the
types of ground-water modeling decisions facing the
site remediation manager. This section isdesigned to
help the site manager and/or earth scientists to
determine the role of, and need for, modeling in
support of remedial decision making.

Section 3 addresses the construction of a conceptual
model of a site and how it is used in the initial
planning and scoping phases of a site remediation,
especially as it pertains to the selection and use of
ground-water flow and contaminant transport codes.

Section 4 describesthe various site characteristics and
ground-water flow and contaminant transport
processes that may need to be explicitly modeled. The
purpose of this section is to help the earth scientists
recognize the conditions under which specific code
features and capabilities are needed to support
remedial decision making during each phaseinthesite
remediation process.

Section 5 describes the computer code review and
evaluation process for screening and selecting the
computer codesthat are best suited to meet site-specific
modeling needs.



S2 MODELING QUESTIONS FACING THE
SITE REMEDIATION MANAGER

A review of current regulations and guidelines
pertaining to the remediation of sites on the National
Priorities List (NPL) and in the NRC's Sites
Decommissioning Management Program (SDMP)
reveals that fate and effects modeling is not explicitly
required. However, in order to make informed and
defensible remedial decisions, ground-water flow and
contaminant transport modeling can be useful and is
often necessary.

S21 WhenisGround-Water Modeling
Needed?

The first questions that a site remediation manager
will need to answer regarding ground-water modeling
include: Is ground-water modeling needed, and how
will modeling aid in the remedial decision making
process?

The ground-water pathway may be considered a
potentially significant exposure pathway if (1) the
radionuclide concentrations in the ground water
exceedthelevel sacceptabl eto thecognizant regul atory
authorities or (2) the contamination at the site could
eventually cause the radionuclide concentrations in
ground water to exceed the applicablecriteria. Onthis
basis, if the measured concentrations of radionuclides
in ground water downgradient from the site, or in
leachate at the site, exceed the applicable criteria, and
the ground water in the vicinity of the site is being
used, or has the potential to be used, as a source of
drinking water, it islikely that ground-water modeling
will be useful, if not necessary, in support of remedial
decision making at the site.

The "applicable criterid" are ill-defined at this time
because both NRC and EPA are engaged in
rulemaking activities intended to define the criteria.
However, in the interim, the drinking-water standards
set forth in 40 CFR 141 should guide remedial
decision making. For example, 40 CFR 141 has been
cited as an applicable or relevant and appropriate
regulation (ARAR) in establishing the remediation
goads a most of the approximately 50 sites
contaminated with radioactive material that are
currently on the National Priorities List.

At some sites, information may not be available
regarding the levels of radionuclide contamination in
ground water or leachate. Alternatively, radionuclide
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measurements may have been made, but yield
inconclusive results. Under these conditions, the
radionuclide concentrations in leachate and ground
water can be estimated based on knowledge of the
radionuclide concentrations in the soil or the waste at
the site and empirically determined partition factors.
Partition factors relate a given concentration of a
contaminant in the waste or the soil to that in the
leachate or ground water.

If the product of the radionuclide concentrationsin the
waste or contaminated soil with the appropriate
partition factors resultsin radionuclide concentrations
in leachate or ground water in excess of the applicable
criteria, it may be concluded that the radionuclide
concentrations in ground water in the vicinity of the
site could exceed the applicable criteria. Thoughitis
not necessarily always the case, if the measured or
derived concentrations of radionuclides in ground
water exceed the applicable criteria, it is likely that
ground-water modeling will serve a useful role in
support of remedial decision making at the site.

S22 WhenisModeling Not Needed or
I nappropriate?

It is important to be able to recognize the
circumstances under which modeling would be
ineffective and should probably not be performed.
There are three general scenarios in which modeling
would be of limited value. These are:

1. Presumptive remedies can be readily
identified,

2. Decision making is based on highly
conservative assumptions, and/or

3. Thesiteistoo complex to model
realistically.

Thefirst case arisesin situations where a presumptive
remedy is apparent; that is, where the remedy is
obvious based on regulatory requirements or previous
experience, and thereisahigh level of assurance that
the siteiswell understood and the presumptive remedy
will beeffective. Anexamplewould be conditionsthat
obvioudy require excavation or remova of the
contaminant source.

The second case is based on the assumption that
decision making can proceed based on conservative
estimates of the behavior and impacts of contaminants
at the siterather than detailed modeling. Thisstrategy



coud be used in the initial scoping, site
characterization, or remedia phase of the
investigation. For example, a conservative approach
to the risk assessment would be to assume that the
contaminant concentrations at the receptor(s) are
identical to the higher concentrations detected at the
contaminant source. Thus, the need for modeling to
determine the effects of dilution and attenuation on
contaminant concentrations is removed.

Thethird caseinvolves siteswhere modeling would be
helpful in supporting remedial decision making, but
the complexity of the site precludes reliable modeling.
These complexities could be associated with the
contaminant source, flow and transport processes, or
characteristics of the wastes and contaminants. For
example, the contaminant source may be so poorly
defined in terms of areal extent, release history, and
composition that it cannot bereliably defined andlittle
would be gained from flow and transport modeling.

Complex flow and contaminant transport processes
present another difficulty in that user-friendly
computer codes currently do not exist that
accommodate a number of these processes, which
include: turbulent ground-water flow, facilitated
transport (e.g., due to the formation of colloids), and
flow and transport through a fractured unsaturated
zone.

The availability of computer codes is also an issue
when characteristics of the contaminants are typified
by complex geochemical reactions, such as phase
transformations and non-linear sorption processes.
Currently, ground-water flow and contaminant
transport codes that provide credible mathematical
descriptions of the more complex geochemical
processes have not been developed. If modeling isnot
possible because of the overall complexity of the site
characteristics, it iscommon for agreater emphasisto
be placed on empirical rather than predicted data.
This may involve establishing long-

term monitoring programs, which, in effect, have
objectives similar to those of ground-water modeling.
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S2.3 What Role Will Ground-Water Modeling
Play in Support of Remedial

Decision Making?

Once it is determined that the ground-water exposure
pathway is potentially important, ground-water flow
and transport modeling can have awide range of uses
in support of remedial decision making. Thefollowing
are the principal reasons for modeling on a remedial
project. These applications can surface during any
phase of theremedial process. However, someof these
reasonsare morelikely to occur during specific phases
of aremedial project.

1. When it is not feasible to perform field
measurements; i.e.,

I Cannot get access to sampling locations
I Budgetislimited
I Timeislimited

2. Whenthereisconcernthat downgradient |ocations
may become contaminated at some time in the
future; i.e.,

I When transport times from the source of the
contamination to potential receptor locations
are long relative to the period of time the
source of the contaminant has been present.
When planning to store or dispose of waste at
a gpecific location and impacts can be
assessed only through the use of models.

3. When field data alone are not sufficient to
characterize fully the nature and extent of the
contamination; i.e.,

I When field sampling is limited in space and
time, and

1 Whenfield sampling resultsareambiguousor
suspect.

4. When there is concern that conditions at a site

may change, thereby changing the fate and
transport of the contaminants; i.e.,

1 seasonal changesinenvironmental conditions
severe weather (e.g., floods)
1 accidents (e.g., fires)

5. Whenthereisconcern that institutional control at
the site may be lost at some time in the future



10.

11.

12.

13.

14.

15.

16.

resulting in new exposure scenarios, or a change
in the fate and transport of the contaminants; i.e.,

1 trespassers

1 inadvertent intruder (construction/
agriculture)

I human intervention (drilling, excavations,
mining)

When remedial actions are planned and thereisa
need to predict the effectiveness of aternative
remedies.

When there is a need to predict the time when the
concentration of specific contaminants at specific
locations will decline to acceptable levels (e.g.,
natural flushing).

When there is concern that at some time in the
past individualswere exposed to el evated level s of
contamination andit isdesirableto reconstruct the
doses.

When there is concern that contaminants may be
present but below the lower limits of detection.

When field measurements reveal the presence of
some contaminants, and it is desirable to
determine if and when other contaminants
associated with the source may arrive, and at what
levels.

When field measurements reveal the presence of
contaminants and it is desirable to identify the
source or sources of the contamination.

When there is a need to determine the timing of
the remedy; i.e., if the remedy is delayed, isthere
a potential for environmental or public heath
impacts in the future?

When thereisaneed to determineremedial action
priorities.

When demonstrating compliance with regulatory
reguirements.

When estimating the benefit in a cost-benefit
analysis of alternative remedies.

When performing a quantitative dose or risk
assessment pertaining to the protection of
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remediation workers, the public, and the
environment prior to, during, and following
remedial activities.
17. When designing the site characterization program
(e.g., placement of monitor wells, determining
data needs) and identifying exposure pathways of
potential significance.

. When there is a need to compute or predict the
concentration distribution in space and time of
daughter products from the original source of
radionuclides.

19. When there is a need to quantify the degree of

uncertainty in the anticipated behavior of the

radionuclides in the environment and the
associated doses and risks.

20. When communicating with the public on the

potential impacts of the site and the benefits of the

selected remedy.

S24 What Will the Results of a Modeling

Exercise Yield?

Once the need for, and role of, modeling isidentified,
it is appropriate to determine or define the form of the
results or output of the modeling exercise. 1n general,
the results are expressed as a concentration, such as
pCi/L in ground water at a specific location. The
derived radionuclide concentrations could also be
expressed as a function of time or as a time-averaged
value.

Some computer codes have the ability to convert the
derived radionuclide concentrationsin ground water to
doses or risks to individuals exposed to the
contaminated ground water. These results are
generally expressed in unitsof mrem/yr or lifetimerisk
of cancer for the exposed individuals.

Some computer codes can present the resultsin terms
of cumulative population impacts. These results are
generally expressed in termsof person-rems/yr or total
number of cancers induced per year in the exposed
population.

The specific regulatory requirements that apply to the
remedial program determine which of these "end
products’ are needed. In general, these modeling
results are used to assess impacts or compliance with



applicableregulations; however, informationregarding
radionuclide flux and plume arrival times and
distributions is also used to support a broad range of
remedial decisions.

These modeling endpoints must be clearly defined,
since the type of endpoint will help to determine the
type of ground-water flow and contaminant transport
model that will support the endpoint of interest. For
example, a baseline risk assessment at a site
contaminated with radioactive material is used in
determining the annual radiation doseto an individual
drinking water obtained from a potentially
contaminated well. The endpoint in this case is the
dose to an individual expressed in units of mrem/yr.
In order to estimate this dose, it is necessary to
estimate the average concentration of radionuclidesin
the well water over the course of ayear. The models,
input parameters, and assumptions needed to predict
the annual average radionuclide concentration are
different than those needed to predict thetime varying
concentration at a given location. The latter usually
reguires much more input data and models capabl e of
simulating dynamic processes.

S.3 CONSTRUCTING A CONCEPTUAL
MODEL OF A SITE - THE FIRST STEP
INTHE MODEL SELECTION
PROCESS

The first step in the model selection process is the
construction of a conceptua model of the site. The
conceptual model depicts the types of waste and
contaminants, where they are located (e.g., are they
currently only in the surficial soil or have they
migrated to the underlying aquifer?), and how they are
being transported offsite (e.g., by runoff, percolation
into the ground, and transport in ground water, or
suspension or volatilization into the air and transport
by the prevailing meteorological conditions). The
conceptual model also attempts to help visualize the
direction and path followed by the contaminants, the
controlling factors that affect the contaminant
migration through the subsurface (i.e., hydrogeology,
system boundary conditions), the actual or potential
locations of the receptors, and the ways in which
receptors may be exposed, such as direct contact with
the source, ingestion of contaminated food or water, or
inhalation of airborne contaminants. Asinformation
regarding a site accumulates, the conceptual model is
continually revised and refined.
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A mathematical model transl atesthe conceptual model
into a series of equations which simulate the fate and
effects of the contaminants as depicted in the
conceptual model at a level of accuracy that can
support remedial decision making. A computer code
is simply a tool that is used to solve the equations
which constitute the mathematical model of the site
and display the results in a manner convenient to
support remedial decision making. Accordingly, code
selection must begin with the construction of a
conceptual model of the site.

The components that make up the initial conceptual
model of the site include:

1. thewaste/contaminant characteristics,
2. the site characteristics, including
hydrogeol ogy, land use, and demography, and
3. the exposure scenarios and pathways.
S31 Waste/Contaminant Characteristics
Totheextent feasible, the site conceptual model should

address the following characteristics of the
waste/contaminants:

I Typesand chemical composition of the
radionuclides

Waste form and containment

Source geometry (e.g., volume, area, depth,
homogeneity)

Within the context of ground-water modeling, these
characteristics are pertinent to modeling the source
term, i.e, the rate at which radionuclides are
mobilized from the source and enter the unsaturated
and saturated zones of asite.

S.3.2 SiteCharacteristics

The conceptual model of the site should begin to
address the complexity of the environmental and
hydrogeological setting. A complex setting, such as
complex lithology, a thick unsaturated zone, and/or
streams or other bodies of water on site, generally
indicates that the direction and velocity of ground-
water flow and radionuclidetransport at the site cannot
be reliably simulated using simple models.



However, even at complex sites, complex models may
not be needed. For example, if a conservative
approach is taken, where transport through the
unsaturated zone is assumed to be instantaneous, then
the complex processes associated with flow and
transport through the unsaturated zone would not need
to be modeled. Such an approach would be
appropriate at sites where the remedy is likely to be
removal of the contaminated surface and near-surface
material.

Thesite conceptual model will also need to identify the
locations where ground water is currently being used,
or may be used in the future, as a private or municipal
water supply. At siteswith multiple user locations, an
understanding of ground-water flow in two or three
dimensions is needed in order to predict realisticaly
the likelihood that the contaminated plume will be
captured by the wells located at different directions,
distances, and depths relative to the sources of
contamination.

Simple ground-water flow and transport models
typicaly are limited to estimating the radionuclide
concentration in the plume centerline down-gradient
fromthe source. Accordingly, if it isassumed that the
receptors are located at the plume centerline, asimple
model may be appropriate. Such an assumption is
often appropriate even if a receptor is not currently
present at the centerline location because the results
are generaly conservative. In addition, risk
assessments often postulate that a receptor could be
located directly down-gradient of the source at some
timein the future.

The need for complex models increases if there are a
number of water suppliesin the vicinity of the source.
Under these circumstances, it may be necessary to
calculate the cumulative population doses and risks,
which require modeling the radionuclide
concentrations at a number of specific receptor
locations. Accordingly, off-centerlinemaodelingwhich
includes dispersion may be needed.

S.3.3 Exposure Scenarios and Pathways

The conceptual model of the site will also need to
define the exposure scenarios and pathways at the site.
An exposure scenario pertains to the assumed initia
conditions or initiating events responsible for the
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transport of the radionuclides and exposure of the
nearby population. Depending on the regulatory
reguirements and the phase in the remedial process,
the exposure scenarios that will need to be modeled
can include any one or combination of the following:

I  The no action aternative - Under this
scenario, the radiation doses and risks to
members of the public, now and in thefuture,
are derived assuming no action is taken to
remedy the site or protect the public from
gaining access to the site.

Trespassers - This scenario postulatesthat an
individual trespasses on the site.

Inadvertent intruder - This scenario
postulates that an individual establishes
residence at the site.

Routine emissions - This scenario simply
assesses offsite doses and risks associated
with the normally anticipated releases from
the site. (This concept is similar to the "No
Action Alternatives,” but is used within the
context of NRC licensed facilities.)

Accidents - This scenario assesses doses and
risks associated with postulated accidental
releases from the site.

Alternative remedies - This set of scenarios
assesses the doses and risks to workers and
the public associated with theimplementation
of specific remedies and the reduction in
public doses and risks following
implementation of the remedy.

The number of scenarios that may be postulated is
virtually unlimited. Accordingly, it is necessary to
determinewhich scenariosreasonably bound what may
infact occur at thesite. Thetypesof scenarios selected
for consideration influence modeling needs because
they define the receptor locations and exposure
pathways that need to be model ed.

For each scenario, an individual or group of
individuals may be exposed by a wide variety of
pathways. The principa pathways include:

1 External exposureto deposited radionuclides



External exposures to airborne, suspended,
and resuspended radionuclides

Inhal ation exposures to airborne, suspended,
and resuspended radionuclides

Ingestion of radionuclides in food items and
drinking water

Ingestion of contaminated soil and sediment

External exposures from immersion in
contaminated water

S.4 CODE SELECTION - RECOGNIZING
IMPORTANT MODEL CAPABILITIES

The greatest difficulty facing the investigator during
the code selection process is not determining which
codes have specific capabilities, but rather which
capabilities are actually required to support remedial

decision making during each remedia phase a a
specific site.  This section is designed to help the
remedial manager recognize the conditions under
which specific model features and capabilities are
needed to support remedial decision making.

S4.1 CodeSelection DuringtheDifferent Phases
of a Remedial Program
Successful  ground-water modeling requires the

selection of acomputer codethat isnot only consistent
with the site characteristics but al so with the modeling
objectives, which are strongly dependent on the phase
of the remedial process; i.e., scoping versus site
characterization versus the selection and
implementation of a remedy. Table S-1 presents an
overview of how the overall approach to modeling a
site differs as a function of the phase of the remedial
process.

The most common code selection mistakes are
selecting codes that are more sophisticated than are
appropriate for the available data or the level of the
result desired, and the application of a less
sophisticated code that does not account for the flow
and transport processes that dominate the system.

Table S-1. General Modeling Approach as a Function of Project Phase

Attributes

Scoping

Characterization

Remediation

Accuracy

Conservative
Approximations

Site-Specific
Approximations

Remedia Action Specific

Temporal Representation of
Flow and Transport Processes

Steady-State Flow and
Transport Assumptions

Steady-State Flow/Transient
Transport Assumptions

Transient Flow and
Transport Assumptions

Dimensionality

One Dimensiond

1,2-Dimensional/Quasi-
3-dimensional

Fully 3-Dimensional/Quasi-
3-dimensional

Boundary and Initial
Conditions

Uncomplicated
Boundary and Uniform
Initial Conditions

Non-Transient Boundary
and Nonuniform Initial
Conditions

Transient Boundary and
Nonuniform Initial
Conditions

Assumptions Regarding Flow
and Transport Processes

Simplified Flow and
Transport Processes

Complex Flow and
Transport Processes

Specialized Flow and
Transport Processes

Lithology Homogeneous/Isotropic | Heterogeneous/Anisotropic Heterogeneous/Anisotropic
Methodology Analytica Semi-Analytical/Numerical Numerical
Data Requirements Limited Moderate Extensive
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For example, a typical question that often arises is:
should three-dimensional codes be used as opposed to
two- or one-dimensional codes? Inclusion of thethird
dimension requires substantially more data than one-
and two- dimensional codes. Similar questionsneedto
be considered which involve the underlying
assumptions in the selection of an approach and the
physical processes which are to be addressed. If the
modeler is not practical, sophisticated codes are used
too early in the problem analysis. In other instances,
the complexity of the modeling is commensurate with
the qualifications of the modeler.

An inexperienced modeler may take an unacceptably
simplistic approach. One should begin with the
simplest code appropriate to the problem and progress
toward the more sophisticated codesuntil themodeling
objectives are achieved.

The remedial processis generally structured in a way
that is consistent with this philosophy; i.e., as the
investigation proceeds, additional data become
available to support more sophisticated ground-water
modeling.

The data available in the early phases of the remedial
process may limit the modeling to one or two
dimensions. In certain cases, this may be sufficient to
support remedial decision making. If the modeling
objectives cannot be met in this manner, additional
datawill be needed to support the use of more complex
models.

It is generaly in the later phases of the investigation
that sufficient data have been obtained to meet more
ambitious objectives through complex three-
dimensional modeling.

The necessary degree of sophistication of themodeling
effort can be evaluated in terms of both site-related
issues and objectives, aswell as the qualities inherent
in the computational methods available for solving
ground-water flow and transport equations.

Modeling objectives at each stage of the remedial
investigation must be very specific and well defined
early in the project. All too often, modeling is
performed without devel oping aclear rationaleto meet
the objectives, and only after the modeling is
completed are the weaknesses in the approach
discovered.
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The modeling objectives must consider the available
data and the remedial decisions that the model results
are intended to support. The selected modeling
approach should not be driven by the data availahility,
but the modeling objectives should be defined in terms
of what can be accomplished with the available data.
If the modeling objectives demand more sophisticated
models and input data, the necessary data should be
obtained.

A final consideration, truefor all phases of the project,
isto select codes that have been accepted by technical
experts and used within a regulatory context.

S.4.2 TheEffectsof Waste/Contaminant and Site
Characteristics on Code Selection

After the conceptual model is formulated and the
modeling objectives are clearly defined, the
investigator should have a relatively good idea of the
level of sophistication that the anticipated modeling
will require. 1t now becomes necessary to select one or
more computer code(s) that have the attributes
necessary to mathematically describe the conceptual
model at the desired level of detail. This step in the
code selection process requires detailed analysis of the
conceptual model to determine the degree to which
specific waste/contaminant and site characteristics
need to be explicitly modeled.

The code selection process consists primarily of
determining which waste/contaminant and site charac-
teristics and flow and transport processes need to be
explicitly modeled in order to achieve the modeling
objectives. Once these are determined, the code
selection process becomes simply a matter of identi-
fying the codes that meet the defined modeling needs.

Table S2 lists code attributes related to various
waste/contaminant and site characteristics. Thistable
illustratesthe site-related criteriagenerally considered
in the identification of candidate computer codes.

The general components of the conceptual model that
need to be considered when selecting an appropriate
computer code are the following:

I Source Characteristics

I Aquifer and Soil/Rock Characteristics



Table S-2. Site-Related Features of Ground-Water Flow and Transport Codes

Section 4.3.1.1  Source Characteristics
Point Source
Line Source
Areally Distributed Source
Multiple Sources
Specified Concentration
Specified Source Rate
Time-Dependent Release

Section 4.3.1.2 Aquifer and Soil/Rock Characteristics
Confined Aquifers
Confining Unit(s)
Water-Table Aquifers
Convertible Aquifers
Multiple Aquifers
Homogeneous
Heterogeneous
I sotropic
Anisotropic
Fractures
Macropores
Layered Soils

Section 4.3.1.3 Fate and Transport Processes
Dispersion
Advection
Matrix Diffusion
Density-Dependent Flow and Transport
Retardation
Non-linear Sorption
Chemical Reactions/Speciation
Single Species First Order Decay
Multi-Species Transport with Chained Decay Reactions

Section 4.3.1.4 Multiphase Fluid Conditions
Two-Phase Water/NAPL
Two-Phase Water/Air
Three-Phase Water/NAPL/Air

Section 4.3.1.5 How Conditions
Fully Saturated
Convertible Aquifers
Variably Saturated/Non-Hysteretic

Variably Saturated/Hysteretic
Section 4.3.1.6 Time Dependence
Steady-State
Transient
1 Fate and Transport Processes I Multiphase Fluid Conditions
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Each of thesetopicsis presented asamajor heading in
Table S-2. These broad subjects are further broken
down into their individual components both in Table
S-2 and in the discussion that follows.

Sour ce Char acteristics

Computer codes can accommodate the spatial
distribution of the contaminant source in a number of
ways. The most common are:

e Point source, such as awaste drum or tank,
* Linesource, such as atrench, and

* Area source, such as ponds, lagoons, or
landfills.

The determination of how the spatial distribution of
the source term should be modeled (i.e., point, line, or
area) is dependent on a number of factors, the most
important of which isthe scale at which the sitewill be
investigated and modeled. If the region of interest is
very large, as compared to the contaminant source
area, even sizable lagoons or landfills could be
considered point sources.

The modeling abjectives are aso important in
determining the way in which the source term should
be modeled. For example, if simple scoping
calculationsarebeing performed, treating the sourceas
a point will yield generally conservative
approximationsof contami nant concentrationsbecause
of limited dispersion. However, if more realistic
estimates of concentrations and plume geometry are
required, it will be generally necessary to smulate the
sourceterm characteristics more accurately, especially
if the receptor is close to arelatively large source.

In addition to the geometry of the source, code
selection is determined by whether the source isto be
modeled as a continuous or time-varying release.
Computer codes can simulate the introduction of
contaminants to the ground water as an instantaneous
pulse or as a continuous release over time. A
continuous rel ease may either be constant or vary with
time.

The need to model the source as a constant or time-
varying release primarily depends on the half-life of
the radionuclide relative to the time period of interest
and whether average impacts or time-varying impacts
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of arelease are of interest. In general, the simplest
calculations, which assume a continuous release, are
sufficient when determining the average annual doses
toground-water usersat siteswith relatively long-lived
radionuclides.

Aquifer and Soil/Rock Char acteristics

The most common site characteristics with regard to
aquifers that influence code selection include the
following:

I Confined aguifers

I Water-table (unconfined) aquifers

Convertible aguifers

Multiple aquifers/aquitards

Heterogeneous aguifers

Anisotropic aquifers

1 Fractures/Macropores

1 Layered soils/rocks
Recognizing when and if these processes need to be
explicitly modeled is critica to the code selection
process. There are no simple answers to these
guestions. However, the following general guidance
may be helpful in making these determinations.

Confined versus Unconfined Aquifers

In most circumstances, the concern at a contaminated
site is contamination of unconfined aquifers since
sources of ground water generally become
contaminated by leachate migrating from
contaminated surface soil through an unsaturated zone
of varying thicknesses to an aquifer. However,
confined aquifers could be of concern at sites where
contaminants were disposed in injection wells and
layered sites with "leaky aquitards.”

Multiple Aquifers/Aquitards

Computer codes have been developed that have the
ability to simulate either single or multiple



hydrogeologiclayers. Generally, asingle-layer codeis
used if the bulk of the contamination is confined to
that layer or if the differencein the flow and transport
parametersbetween thevariouslayersisnot significant
enough to warrant the incorporation of various layers.
It generally does not make much sense to model
discrete layers if estimated parameter values,
separating different layers, fall within probable error
ranges for the parameters of interest. Furthermore,
unless the discrete hydrogeol ogic units are continuous
over the majority of the flow path, it is often possible
and preferable to model the system as one layer using
average flow and transport properties.

Layered Soil/Rocks in the Unsaturated Zone

Rarely would soils and rocks within the unsaturated
zone not exhibit some form of natural layering. The
first consideration as to how this natural layering
should be treated in the modeling analysisisrelated to
whether the various soil layers have significantly
different flow and transport properties. If these
propertiesdo not vary significantly from layer to layer,
there would be little need for the code to have
multiple-layer capability. On the other hand, if the
layershavedistinctive propertiesthat could affect flow
and transport, a decision needs to be made about how
best to achieve the modeling objectives; i.e., should
each layer be discretely treated or should al of the
layers be combined into a single layer.

Macropores/Fractures

Modeling flow through the unsaturated zone is based
on the assumption that the soil is a continuous
unsaturated solid matrix that holds water within the
pores. Actual soil, however, has a number of cracks,
root holes, animal burrows, etc., where the physical
propertiesdiffer enormously from the surrounding soil
matrix. Under appropriate conditions, these flow
channels have the capacity to carry water at velocities
and concentrations that greatly exceed those in the
surrounding matrix. Accordingly, it is critical to
determinewhether ground-water flow and contaminant
transport at a site is dominated by macropores and
fractures because this factor could determine whether
a contaminant can reach the saturated zone almost
immediately versus a transit time on the order of
hundreds to thousands of years. This issue is
especially important for radionuclides where
radioactive decay in transit in the unsaturated zone
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could virtually eliminate the concern over ground-
water contamination.

Anisotropic/lsotropic

In a porous medium made of spheres of the same
diameter packed uniformly, the geometry of the voids
is the same in all directions. Thus, the intrinsic
permeability of the unit is the samein all directions,
and the unit issaid to beisotropic. On the other hand,
if the geometry of the voids is not uniform, and the
physical properties of the medium are dependent on
direction, the medium is said to be anisotropic.

In most sedimentary environments, clays and silts are
deposited as horizontal layers. This preferential
orientation of the mineral particles allows the
horizontal velocity of the contaminants to greatly
exceed those in the vertical direction. If anisotropy is
not taken into account for the modeling analysis, the
contaminantswill be predicted to be moredispersedin
thevertical directionthanwould probably be occurring
in the real world. The result could be an under-
prediction of the concentration of the contaminant in
the centerline and an over-prediction of the
contaminant concentration off-center in the vertical
direction.

Homogeneous/Heterogeneous

A homogeneous unit is one that has the same
properties at all locations. For example, for a
sandstone, this would mean that the grain-size
distribution, porosity, degree of cementation, and
thickness vary only within small limits. As a result,
the velocity and the volume of ground water would be
about the same at all locations. In heterogeneous
formations, hydraulic properties change spatially.

For example, if it isexpected that the aquifer thickness
will vary significantly (e.g., greater than ten percent),
a computer code capable of simulating variable
thicknesses is needed. If a code does not properly
simulate the aguifer thicknesses, the contaminant
velocities will be too large in areas where the
simulated aquifer is thinner than the true aquifer
thickness and too small in those regions that have too
great a simulated thickness.

Theahility tosimulate aquifer heterogeneitiesmay al so
be important during the remedial design phase of the
investigation. If engineered barriers of low



permeability are evaluated as potentia remedial
options, it would be necessary to determine their
overall effectiveness. In this scenario, it would not
only be important to select a computer code that has
the capability to simulate highly variable ground-water
velocities but also to ensure that the sharp changesin
ground-water velocitiesdo not causeinstabilitiesinthe
mathematical solutions.

Fate and Transport Processes

The transport of radionuclides will be affected by
various geochemical and mechanical processes.
Among the geochemical processes are adsorption on
mineral surfaces and processes leading to precipi-
tation. These processes are important primarily
because they reduce the velocity of the radionuclides
relative to the ground water (i.e., retardation), which
increases the transit time to receptor locations and
results in additional radioactive decay in transit.

The following summarizes the primary processes that
affect the mobility and concentrations of radionuclides
being transported by ground water, including:

Advection
Dispersion

Matrix Diffusion
Retardation
Radioactive Decay

Advection

The process by which solutes are transported by the
bulk movement of water is known as advection. The
amount of solutethat isbeing transported isafunction
of its concentration in the ground water and the flow
rate of the ground water.

Computer codesthat consider only advection are ideal
for designing remedial systems (e.g., pump and treat)
because the model output is in the form of solute
pathlines (i.e., particle tracks) which delineate the
actual paths that a contaminant would follow.
Therefore, capture zones created by pumping wellsare
based solely on hydraulic gradients and are not subject
to typica problems that occur when solving
contaminant transport equations that include
dispersion and diffusion.

Advective codes are also excellent in the remedial
design stage for determining the number and
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placement of extraction or injection wells and in
evaluating theeffect that |ow permeability barriersmay
have on the flow system. They also tend to yield more
accurate travel-time determinations of unretarded
contaminants because the solution techniques are
inherently more stable, and numerical oscillations,
which artificially advance the contaminant front, are
minimized. Another important advantage of advective
codesisthat the output (i.e., particle tracks) are avery
effective means of ensuring that ground-water
gradients, both vertical and horizontal, are consistent
with the conceptual model.

Notwithstanding these advantages, advective codes
have some drawbacks. The most significant of these
are their inability to address adsorption and matrix
diffusion. As discussed below, these processes can
determine the length of time that a pump and treat
system must operate before clean-up goalswill be met.
Without the ability to evaluate the effects that
adsorption and diffusion may have on solute transport,
it would bevery difficult to estimate remediation times.

A second potential problem with advection-based
codes is that dispersion will tend to spread
contaminants over a much wider area than would be
predicted if only advective processes are considered,
thereby underestimating the extent of contamination.
However, because dilution due to dispersion is under-
accounted for, unrealistically high peak concentrations
are generally obtained, which may be appropriate if
conservative estimates are desired. An additional
disadvantage is that pure advection-based problems
result in hyperbolic instead of parabolic equations
which cannot be solved numerically dueto severegrid
and time-step constraints.

Hydrodynamic Dispersion

In addition to advective transport, the transport of
contaminants in porous media is also influenced by
dispersion and diffusion, which tend to spread the
solute out from the path that it would be expected to
follow if transported only by advection. This
spreading of thecontamination over anever-increasing
area, caled hydrodynamic dispersion, has two
components. mechanical dispersion and diffusion.
Hydrodynamic dispersion causes dilution of the solute
and occurs because of spatial variations in ground-
water flow velocities and mechanical mixing during
fluid advection. Molecular diffusion, the other
component of hydrodynamic dispersion, is due to the



thermal-kinetic energy of solute particles and aso
contributes to the dispersion process. Diffusion in
solutions is the process whereby ionic or molecular
constituents move in the direction of their
concentration gradient.  Thus, if hydrodynamic
dispersion is factored into the solute transport
processes, ground-water contamination will cover a
much larger region than in the case of pure advection,
with a corresponding reduction in the maximum
concentrations of the contaminant.

Matrix Diffusion

The diffusion of radionuclides from water moving
within fractures, or coarse-grained material, into the
rock matrix or finer grained clays can be an important
means of slowing the transport of the dissolved
radionuclides, particularly for non-sorbing or low-
sorbing soluble species.

Matrix diffusionisfrequently insignificant andisoften
neglected in many of the contaminant-transport codes.
However, a number of potential problems arise when
matrix diffusionisignored and contaminant velocities
are based solely on advective-dispersive principles.
For example, ground-water pump and treat
remediation systems work on the premise that a
capture zone is created by the pumping well and al of
the contaminants within the capture zone will
eventually flow to the well. The rate at which the
contaminants flow to the well may, however, be very
dependent on the degree to which the contaminants
have diffused into the fine grained matrix (e.g., clays).
Thisisbecausetherate at which they will diffuse back
out of the fine grained materials may be strongly
controlled by concentration gradients, rather than the
hydraulic gradient created by the pumping well.
Therefore, matrix diffusion can significantly retard the
movement of contaminants, and, if the computer code
does not explicitly account for this process, the overall
effectiveness of the remediation system (i.e., clean-up
times) could be grossy underestimated. Matrix
diffusion processes can aso lead to erroneous model
predictionsin the determination of radionuclidetravel
times, peak concentrations, and flushing volumes.

In general, matrix diffusion can be a potentially
important process in silty/sandy soil which contains
layers of clay or fractured rock. Through the process
of matrix diffusion, the clay and rock can serve as
reservoirs of contaminants that slowly leak back into
the ground water over along period of time.
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Retardation

In addition to the physical processes, the transport of
radionuclides is affected by chemical processes. The
most important include:

I Sorption -- the sorption of chemical species
on mineral surfaces, such as ion exchange,
chemisorption, van der Waalsattraction, etc.,
or ion exchange within the crystal structure.

lon exchange phenomena -- that type of
sorption restricted to interactions between
ionic contaminants and geologic materials
with charged surfaces which can retard the
migration of radionuclides.

A wide range of complex geochemical reactions can
affect the transport of radionuclides, many of which
are poorly understood and are primarily research
topics. From apractical view, the important aspect is
the removal of solute from solution, irrespective of the
process. For thisreason, most computer codes simply
lump all of the cumulative effects of the geochemical
processes into a single term (i.e, distribution
coefficient) which describes the degree to which the
radionuclide is retarded relative to the ground water.

Thus, the distribution coefficient relates the
radionuclide concentration in solution to
concentrations adsorbed to the soil. Because the

distribution coefficient is strongly affected by site-
specific conditions, itisfrequently obtained from batch
or column studies in which aliquots of the solute, in
varying concentrations, are well mixed with
representative solids from the site, and the amount of
solute removed from the water to the solid is
determined.

From the perspective of model selection, virtualy all
computer codes explicitly address retardation through
the use of retardation factors, which are derived from
the distribution coefficient. The primary concern is
that the retardation factors are appropriate for the site
and conditions under consideration. Spacial and
temporal changesin pH and the presence of chelating
agents could invalidate the retardation factors sel ected
for use at a site.

Radioactive Decay

Radionuclides decay to either radioactively stable or
unstable decay products. For some radionuclides,



several decay products may be produced before the
parent species decays to a stable element. These
radioactive decay products may present a potentially
greater adverse health risk than the parent.
Accounting for the chain-decay processis particularly
important for predicting the potential impacts of
naturally occurring radionuclides, such asuranium and
thorium, and transuranics. In considering thisprocess
over the transport path of radionuclides, one transport
equation must be written for each original speciesand
each decay product to yield the concentration of each
radionuclide (original species and decay products) at
points of interest along the flow path in order to
estimatetotal radiological exposures. However, not all
computer codes that simulate radioactive decay allow
for ingrowth of the decay products, which may not
cause a problem if the half-lives of the parent and
daughters are very long (i.e., it takes a long time for
the daughter products to grow in) or if the decay
products are of little interest.

Multiphase Fluid Conditions

The movement of contaminants that areimmisciblein
water (i.e., non-agqueous phase liquids - NAPL)
through the unsaturated zone and bel ow thewater table
results in systems that have multiple phases (i.e., air,
water, NAPL). This coexistence of multiple phases
can be an important facet in many contaminant-
transport analyses. However, only the water and the
vapor phase are generally of concern when evaluating
the transport of radionuclides. A limited number of
radionuclidescanformvolatile speciesthat arecapable
of being transported in amoving vapor or gas. Among
these are tritium, carbon-14, radon-220/222, and
iodine-129. Accordingly, if these radionuclides are
present, vapor phase transport may need to be
explicitly considered.

S.5 THE CODE SELECTION PROCESS

Given that an investigator understands the various
waste/contaminant and site characteristicsthat need to
be modeled in order to meet specific modeling
objectives, therewill often be several suitablecomputer
codes that could potentially be chosen from a large
number of published codes presented in the scientific
literature. ldeally, each candidate code should be
evaluated in detail to identify the one most appropriate
for the particular site and modeling objectives.
However, theresourcesto completeadetailed study are
seldom available, and usually only oneto two codesare
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selected based upon a cursory review of code
capabilities and the experience of the modeler.

Regardless of whether a detailed or more cursory
review is performed, it is important for the reviewer/
investigator to be cognizant of the following factors
and how they will affect code selection:

1. Code Capabilities consistent with:
User needs
Modeling objectives
Site characteristics
Contaminant characteristics
Quality and quantity of data

2. Code Testing
Documentation
Verification
Validation

3. History of Use Acceptance

The first aspect of the review concentrates on the
appropriateness of the particular code to meet the
modeling needs of the project. Thereviewer must also
determine whether the data requirements of the code
are consistent with the quantity and quality of data
available from the site. Next, the review must
determine whether the code has been properly tested
for its intended use. Finally, the code should have
some history of use on similar projects, be generally
accepted within the modeling community, and readily
available to the public.

Evaluating a code in each of the three categories can
beasignificant undertaking, especially with respect to
codetesting. Theoretically, thereviewer should obtain
a copy of the computer code, learn to use the code,
select a set of verification problems with known
answers, and compare the results of the model to the
benchmark problems. Thistaskiscomplicated, largely
because no standard set of benchmark problems exists
and the mathematical formulation for each process
described within the code has to be verified through
the benchmarking process. It is recommended,
primarily for this reason, that the codes selected
already be widely tested and accepted. Model
validation, which involves checking the model
predictions against independent field investigations
designed specifically to test the accuracy of the model,
would almost never be practical during the code
evaluation and selection process.



The model evaluation process involves the following
steps:

1. Contact the author of the code and obtain the
following:

- Documentation and other model-related
publications

- List of users

- Information related to code testing

2. Read al publications related to the model,
including documentation, technical papers, and
testing reports.

3. Contact code usersto find out their opinions.

4. Complete the written evaluation using the criteria
shown in Table S-3.

Much of the information needed for a thorough
evaluation can be obtained from the author or
distributor of the code. In fact, inability to obtain the
necessary publications can be an indication that the
code is either not well documented or that the code is
proprietary. In either case, inaccessibility of the
documentation and related publications should be
grounds for evaluating the code as unacceptable.

Most of theitemsin Table S-3 should be described in
the code documentation, although excessive use of
modeling jargon may make some items difficult to
find. For this reason, some assistance from an
experienced modeler may be required to complete the
evaluation. Conversations with users can also help
decipher cryptic aspects of the documentation.

The evaluation process must rely on user opinionsand
published information to take the place of hands-on
experience and testing. User opinions are especially
valuable in determining whether the code functions as
documented or has significant errors (bugs). In some
instances, users have performed extensive testing and
benchmarking or are familiar with published papers
documenting the use of the code. In essence, the
eval uation process substitutes second-hand experience
for first-hand knowledge (user opinions) to shorten the
time it takes to perform the review.
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Table S-3. Modd Sdlection Criteria

CRITERIA

Section 5.2.1  Administrative Data
Author(s)
Development Objective (research, general use, education)
Organization(s) Distributing the Code
Organization(s) Supporting the Code
Date of First Release
Current Version Number
References (e.g., documentation)
Hardware Requirements
Accessibility of Source Code
Cost
Installed User Base
Computer language (e.g., FORTRAN)

Section 5.2.2 Remedial Process
Scoping
Characterization
Remediation

Section 5.2.3  Site-Related Criteria
Boundary/Source Characteristics
Source Characteristics
Multiple sources
Geometry
line
point
area
Release type
constant
variable
Aquifer System Characteristics
confined aguifers
unconfined aquifers (water-table)
aquitards
multiple aquifers
convertible
Soil/Rock Characteristics
heterogeneity in properties
anisotropy in properties
fractured
macropores
layered soils
Transport and Fate Processes
dispersion
advection
diffusion
density dependent
partitioning between phases
solid-gas
solid-liquid
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Table S-3. (Continued)

CRITERIA

equilibrium isotherm:
linear (simple retardation)
Langmuir
Freundlich
nonequilibrium isotherm
radioactive decay and chain decay
speciation
Multiphase Fluid Conditions
two-phase water/NAPL
two-phase water/air
three-phase water/NAPL /air
Flow Conditions
fully saturated
variably saturated
Temporal Discretization (steady-state or transient)

Section 5.24  Code-Related Criteria
Source Code Availability
History of Use
Code Usahility
Quality Assurance

code documentation
code testing
Hardware Requirements
Solution Methodology
Code Output
Code Dimensionality
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SECTION 1

INTRODUCTION

1.1 BACKGROUND - PURPOSE AND SCOPE OF
THE JOINT EPA/DOE/NRC PROGRAM

The overal joint EPA/DOE/NRC program is
concerned with the selection and use of mathematical
models that simulate the environmental behavior and
impacts of radionuclides via all potential pathways of
exposure, including the air, surface water, ground
water, and terrestrial pathways. Figure1-1 presentsan
overview of the various exposure pathways.

Though the joint program is concerned with all
pathways, it has been determined that, due to the
magnitude of the undertaking, it would be appropriate
to divide the program into smaller, more manageable
phases, corresponding to each of the principa
pathways of exposure. It was also determined that in
the first phase of the project greatest attention would
be given to the ground-water pathways.

Ground-water pathways were selected for
consideration first for several reasons. At a large
number of sites currently regulated by the EPA and the
NRC or owned by the DOE, the principal concern is
the existence of, or potential for, contamination of the
aquifers underlying the various sites. In addition,
relative to the air, surface water, and terrestrial
pathways, ground-water contamination is more
difficult to sample and monitor, thereby necessitating
greater dependence on modelsto predict the locations
and levels of contamination in the environment.

The types of models used to simulate the behavior of
radionuclides in ground water must be more complex
than surface water and atmospheric pathway transport
modelsin order to address the more complex settings
and the highly diversetypes of settingsassociated with
different sites. Asaresult, the methods used to
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model ground water have not been standardized to the
same extent as has surface water and air dispersion
modeling, and, therefore, there is considerably less
regulatory guidanceregarding appropriate methodsfor
performing ground-water modeling.

In addition to pathways of exposure, the scope of Phase
1 of the joint program also considered the range of
categories of sites that should be considered. The full
range of sites in the United States that contain
radioactive materials can be divided into the following
categories:

I Federal facilitiesunder the authority of 18 federal
agencies, predominantly consisting of DOE and
Department of Defense (DOD) sitesand facilities,
and sites listed on the National Priorities List
(NPL),

NRC and NRC Agreement State licensed
facilities,

State licensed facilities,

Facilities and sites under the authority of the
states but not governed by specific regulations.
These include sites containing elevated levels of
naturally occurring radionuclides (NORM).

All of these sites are of interest to the program.
However, anumber of categories of facilities and sites
wereexcluded from consideration in thejoint program
because they are being licensed specifically to receive
radioactive material for storage and disposal; i.e.,
licensed low-level and high-level waste storage and
disposal sites. These sites are being managed within
a highly structured regulatory context to receive
radioactive materials, and, though models are used to
support the siting and design of such facilities, they are
not remedial sites.

It was also necessary to limit the range of the
categories of sitesof interest to the programin order to
keep the number of categories of sitesto amanageable
size. It was determined that this phase of the project
will be limited to (1) sites currently listed on the NPL
that contain radioactive materials and (2) sites
currently or formerly licensed by the NRC that are part
of the Site Decommissioning Management Program
(SDMP). The SDMP has been established by the
NRC to decommission 46 facilities

that require special attention by the NRC staff.

1-2

Ground-water modeling needed to support remedial
decision making at NPL sites containing radioactive
materialsisin many ways similar to the ground-water
modeling needs of the SDMP.

These categories of sites were selected for
consideration because decisions are currently being
made regarding their decontamination and
remediation, which, in many cases, require the use of
models to support decision making and demonstrate
compliance with remediation goals. Though the
project is designed to address the modeling needs of
these categories of sites, the information gathered on
this project should have applicability to the full range
of categories of sites concerned with the disposition of
radioactive contamination.

In conclusion, in order to meet its mission of
promoting the appropriate and consistent use of
mathematical models in the remediation and
restoration processat sitescontaining, or contaminated
with, radioactive materials, thisfirst phase of thejoint
program is designed to achieve the following four
objectives:

1) Describe the roles of modeling and the
modeling needs at each phase in the remedial
process (MAU93);

2) Identify modelsin actual use at NPL sites and
facilities licensed under RCRA, at DOE sites,
and at NRC sites undergoing decontamination
and decommissioning (D& D) (PAR92);

3) Produce detailed critical reviews of selected
models in widespread use; and

4) Producedraft guidancefor hydrogeol ogistsand
geoscientists tasked with the responsibility of
selecting and reviewing ground-water flow and
transport models used in the remediation,
decommissioning, and restoration process.

This report fulfills the fourth objective of Phase 1 of
the joint program. Specificaly, thisreport describesa
processfor reviewing and selecting ground-water flow
and transport models that will aid remedial decision
making during each phase of the remedia process,
from the initial scoping phase, to the detailed
characterization of the site, to the selection and
implementation of remedial alternatives.



1.2 PURPOSE AND SCOPE OF THISREPORT

Remedial contractors, with the concurrence of the site
managers, generally select and apply ground-water
flow and transport models.  However, unless
specifically trained in ground-water flow and transport
modeling, it is difficult for the site manager to
participate actively in these decisions. Ground-water
flow and transport modeling requires highly
speciaized training and experience, and, as a result,
the site manager must usually depend heavily on the
expertise and judgement of staff hydrogeologists as
well as outside contractors and consultants. This
report provides background information that should
help hydrogeologists and geoscientists assist the site
manager in making moreinformed decisionsregarding
the selection and use of ground-water flow and
transport models and computer codes throughout the
remedial process.

Previous reportsin this series (M0OS92, PAR92) have
determined that the types of models and the processes
that require modeling during the remedial process
depend on acombination of the following five factors:

reasons for modeling,

contaminant waste characteristics,

site environmental characteristics,

site land use and demography, and
phase of the remedial process.

gkrowpdNPE

The principal reasons for modeling that, in part,
influence model selection include: (1) development
and refinement of the site conceptual model from
which hypotheses may be tested, (2) the performance
of risk assessments and the evaluation of compliance
with applicable health and safety regulations, (3) the
design of environmental measurements programs,
primarily to determine the optimal location for
boreholes, and (4) the identification, selection, and
design of remedial alternatives. Each of these reasons
for modeling influences modeling needs and model
selection differently.

A review of the physical, chemical, and radiological
properties of the waste at a number of remedial sites
reveals that the waste characteristics can be diverse.
At sites currently undergoing or scheduled for
remediation, over 30 different types of radionuclides
have been identified, each with its own radiological
and chemical properties. The waste is found in a
variety of chemical forms and physical settings,
including contaminated soil, in ponds, in storage piles
and landfills, buried in trenches, and in tanks and
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drums. Each of these physical and chemical settings
influences the areal distribution of the contaminants
and rate at which they may leach into the underlying
aquifer, which, in turn, influences model selection.

Inasimilar manner, the environmental characteristics
of remedial sitesarehighly diverse (PAR92). Thesites
containing radioactive materials that are currently
undergoing remediation include both humid and dry
sites, sites with and without an extensive unsaturated
zone, and sites with simple and complex
hydrogeological characteristics.  These different
environmental settings determine the processes that
need to be modeled, which, in turn, influence the
selection of models and computer codes.

The land use and demographic patterns at a site,
especially thelocation and extent of ground-water use,
affect the types and complexity of the models required
to assess the potential impacts of the site on public
health. At many of the sites contaminated with
radioactive materials, the principal concernisthe use
of the ground water by current or future residents
located close to, and downgradient from, the source of
contamination. At other sites, the concernisthe use of
private and municipa wells located at some distance
and in avariety of directionsfrom the source. Each of
these usage patternsinfluencesthe selection of ground-
water flow and transport models and computer codes.

Superimposed on these waste and site-related issues
are the different modeling needs associated with the
various phases of the remedial process. The phase of
the remedial process from scoping and planning, to
site characterization, to remediation, creates widely
different opportunities for modeling, which, together
with the other factors, influences model and code
selection.

Thisreport describesthe methodsfor sel ecting ground-
water flow and transport models and computer codes
that meet the modeling needs at sites contaminated
with radioactive materials. The selection process is
described in terms of the various site characteristics
and processes requiring modeling and the availability,
reliability, and costs of the computer codes that meet
the modeling needs.

Though this report is limited to a discussion of the
model selection process, it is recognized that the
proper application of the selected models is as
important, if not moreimportant, than model selection.
A model, no matter how well suited to a particular
application, could give erroneous and highly



misleading results if used improperly or with
incomplete or erroneous input data. Conversely, even
amodel with very limited capabilities, or amodel used
at a site which has not been well characterized, can
givevery useful resultsif used intelligently and with a
full appreciation of the limitations of the model and
the input data. It is not possible within the scope of
this project to address model applications, quality
control, and the presentation and interpretation of
modeling results. Future reports prepared under this
program will address these important topics.

1.3 PRINCIPAL SOURCESOFINFORMATION

In accomplishing its objectives, this report makes use
of the information contained in the previous reports
prepared on this program, including:

I "Environmental Pathway Models- Ground Water
Modeling in Support of Remedial Decision
Making at Sites Contaminated with Radioactive
Material," EPA 402-R-93-009, March 1993.

"Environmental Characteristics of EPA, NRC,
and DOE Sites Contaminated with Radioactive
Substances," EPA 402-R-93-001, March 1993.

"Computer Models Used to Support Cleanup
Decision Making at Hazardous and Radioactive
Waste Sites," EPA 402-R-93-005, March 1993.

In addition, extensive use was made of:

I "Superfund Exposure Assessment Manual,"
EPA/540/1-88/001, April 1988.

1 "Leachate Plume Management,” EPA/540/2-
85/004, November 1985.

I IMES, "Integrated Model Evaluation System,"
Prototype, Version 1, September 1991.
Developed by Versar, Inc. for the Exposure
Assessment Group, Office of Health and
Environmental Assessment, Office of Research
and Development, Environmental Protection

Agency.

Finally, this report relies heavily on the experience
gained by the project team during the review of three
existing codes:. RESRAD, VAM2D, and MT3D. As
part of this project, these three computer codes were
reviewed asif they were being considered for use on a
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remedial project. Thereview of these codes, including
the process used to review these codes, has been
documented in a separate report (EPA 402-R-93-005)
in this series. The procedures used to perform these
reviews contributed to the generic guidance presented
in this report.

14 KEY TERMS

A glossary of terms used in this report is presented in
Appendix A. In addition, an index directs the reader
to the pages in the report where key terms are defined
and discussed. Described below are three key
terms/conceptsthat are fundamental to understanding
the report.

Conceptual Model. The conceptual model of asiteis
aflow diagram, sketch, and/or description of asiteand
its setting. The conceptual model describes the
subsurface physical system including the nature,
properties, and variability of the aquifer system (e.g.,
aquifers, confining units), and al so depictsthe types of
contaminants/wastes at a site, where they are located,
and how they are being transported offsite by runoff,
percolation into the ground and transport offsite in
ground water, or suspension or volatizationinto theair
and transport by the prevailing meteorological
conditions. The conceptual model also attempts to
help visualize the direction and path followed by the
contaminants, the actual or potential locations of the
receptors, and the ways in which receptors may be
exposed, such as direct contact with the source,
ingestion of contaminated food or water, or inhalation
of airborne contaminants. Asinformation regarding a
site accumul ates, the conceptual model is continually
revised and refined.

Mathematical Model. A  mathematical model
translates the conceptual model into a series of
equationswhich, at aminimum, describe the geometry
and dimensionality of the system, initial and boundary
conditions, time dependence, and the nature of the
relevant physical and chemical processes. The
mathematical model essentially transforms the
conceptual model tothelevel of mathematical accuracy
needed to support remedial decision making.

Computer Code. A computer codeissimply atool that
is used to solve the equations which constitute the
mathematical model of the site and display the results
in a manner convenient to support remedial decision
making.



1.5 ORGANIZATION OF THE REPORT

This report is divided into five sections. Following
thisintroduction, Section 2 presentsan overview of the
types of ground-water modeling decisions facing the
site remediation manager. The section is designed to
help the site manager determine the role of, and need
for, modeling in support of remedial decision making.

Section 3 addresses the construction of a conceptual
model of a site and how it is used in the initial
planning and scoping phases of a site remediation,
especially as it pertains to the selection and use of
ground-water flow and contaminant transport models.

Section 4 describesthe various site characteristics and
ground-water flow and contaminant transport
processes that may need to be explicitly modeled. The
purpose of this section is to help the site manager
recognize the conditions under which specific model
features and capabilities are needed to support
remedial decision making during each phaseinthesite
remediation process.

Section 5 summarizesthe computer code attributesthat
should be considered for screening and selecting the
potential computer codes that are best suited to meet
site-specific modeling needs.
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SECTION 2

MODELING DECISIONSFACING THE SITE
REMEDIATION MANAGER

A review of current regulations and guidelines pertaining to the remediation of siteson the National PrioritiesList and
in the Nuclear Regulatory Commission's Sites Decommissioning Management Program (SDMP) revealsthat fate and
effects modeling is not explicitly required. However, in order to make informed and defensible remedial decisions,
ground-water flow and transport modeling can be useful. This section presents a methodology for determining when
ground water may be a significant pathway of exposure and discusses the roles ground-water modeling may play in
support of remedial decision making. The section concludeswith adiscussion of the various resources availableto the
remediation manager to help in identifying and fulfilling modeling needs.

21 IS GROUND WATER A POTENTIALLY
IMPORTANT EXPOSURE PATHWAY?

The ground-water pathway may be considered a
potentially significant exposure pathway if: (1) the
radionuclide concentrations in the ground water
exceedthelevel sacceptabl eto thecognizant regul atory
authorities; or (2) the contamination at the site could
eventually cause the radionuclide concentrations in
ground water to exceed the applicablecriteria. Onthis
basis, if the measured concentrations of radionuclides
in ground water downgradient from the site, or in
leachate at the site, exceed the applicable criteria, and
the ground water in the vicinity of the site is being
used, or has the potential to be used as a source of
drinking water, it islikely that ground-water modeling
will be useful, if not necessary, in support of remedial
decision making at the site.

Until additional regulatory guidance is available, the
drinking water standards set forth in 40 CFR 141
should guide remedial decision making. Section 1412
of the Safe Drinking Water Act (SDWA), as amended
in 1986, requires EPA to publish Maximum
Contaminant Level Goals (MCLGs) and promulgate
National Primary Drinking Water Regulations for
contaminants in drinking water which may cause any
adverse effects on the health of persons and which are
known or anticipated to occur in public water systems.
On July 9, 1976, the EPA published "Interim Primary
Drinking Water Regulations, Promulgation of
Regulations on Radionuclides' (41 FR 28402).

The interim rule establishes maximum contaminant
levels (MCL) for radionuclides in community water.
The MCLs limit the concentration of radionuclides at
the tap to:

I 5pCi/L for Ra-226 plus Ra-228.

2-1

I 15pCi/L for gross alpha, including Ra-226 but
excluding radon and uranium.

that concentration of manmade beta/gamma
emitting radionuclides that could cause
4 mrem/yr to the whole body or any organ.

The regulation applies to community public water
systems regularly serving at least 25 persons
year-round or having at least 15 connections used
year-round.

In response to a need to finalize the rule, expand the
regulations to include uranium and radon, and revise
and refine the rule, the EPA published an Advanced
Noticeof Proposed Rulemaking (ANPR) on September
30, 1986 (51 FR 34836), and on July 18, 1991 the EPA
issued an NPR entitled "National Primary Drinking
Water Regulations; Radionuclides’ (56 FR 33050). 40
CFR 191 is being finalized.

Asin theinterim rule, the proposed rule appliesto al
community, and all non-transient, non-community
public water systems regularly serving at least 25
persons year-round or having at least 15 connections
used year-round. The proposed standardsestablishthe
following regquirements:

The Maximum Contaminant Level Goal (MCLG)
for al radionuclidesis zero since radionuclides are
known carcinogens. MCLGs are non-enforceable
health goalsthat are set at levels at which no known
or anticipated adverse effects on the health of
persons occur and which allow an adequate margin
of safety.

The MCLs are as follows:



Radionuclide MCL

Ra-226 20 pCi/L

Ra-228 20 pCi/L

Rn-222 300 pCi/L
Uranium 20 pg/L (30 pCi/L)

Beta and photon emitters
(excluding Ra-228)

Adjusted gross alpha
emitters (excluding
Ra-226, U, and Rn 222) 15 pCi/L

4 mrem/yr EDE

MCLs are enforceable standards set as close to the
MCLGs as is feasible, including economic factors.
The proposed rule also establishes specific
requirements regarding the use of control and
treatment technol ogies and monitoring and reporting
reguirements.

Thedrinking water standards are fundamental health-
based standards that apply to public sources of
drinking water. In addition, the drinking water
standards have also had extensive use as applicable or
relevant and appropriateregulations(ARARS) for NPL
sites. Asan ARAR, if the observed concentrations of
radionuclidesindrinking water suppliescovered by the
rule exceed the MCLs, the rule applies directly and
remedial actions are required. If the potential exists
for ground-water contamination to exceed the MCLSs,
the rule is considered relevant and appropriate.

For NPL sites, the Hazard Ranking System (HRYS)
scoring package providesinformation that will helpin
determining if ground-water modeling is needed at a
site. Specifically, Section 7.1.1 of the HRS requires
the sampling and analysis of ground water to
determine if ground-water contamination is present.
If radionuclide concentrations in ground water in
excess of background are found and exceed the Level
I benchmarks delineated in Sections 2.5.2 and 7.3.2 of
the HRS (these benchmarks are keyed to the MCLS),
ground-water contamination is a concern at the site,
and ground-water modeling will likely be needed to
support the baseline risk assessment and remedial
decision making.

At some sites, information may not be available
regarding the levels of radionuclide contamination in
ground water or leachate. Alternatively, radionuclide
measurements may have been made, but yield
inconclusive results. Under these conditions, an
estimate needs to be made of the radionuclide
concentrations in the soil or the waste at the site,
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which can then be used to determine if the potential
exists for exceeding the applicable criteria.

For NPL sites, the information needed to make this
determination is likely to be available in the HRS
scoring packageaddressing Hazardous Waste Quantity
and Likelihood of Release. The preferred method for
scoring Hazardous Waste Quantity (Section 7.2.5.1 of
the HRS) requiresinformation on the concentration of
individual radionuclides at the site and the volume and
area of the contamination.

Given theradionuclide concentrationsin soil or waste,
the radionuclide concentration in leachate can be
estimated using partition factors. A partition factor
establishes the equilibrium relationship between the
averageradionuclide concentrationin soil or wasteand
that in leachate. If the product of the radionuclide
concentrations with the appropriate partition factors
results in radionuclide concentrations in leachate
significantly in excess of the applicablecriteria, it may
be concluded that the radionuclide concentrations in
ground water in the vicinity of the site could exceed
the criteria, thereby requiring ground-water modeling
to assess the potential impacts on nearby user
locations.

Once the leachate comes into contact with the
underlying soil, a new equilibrium begins to be
established between the leachate and the soil. The
equilibrium ratio of the radionuclide concentration in
the soil to that in thewater in intimate contact with the
soil is referred to as the distribution coefficient (Kd).
Once site-specific Kds are determined or appropriate
generic Kds are identified, the radionuclide
concentration in the soil divided by the Kd for each
radionuclide yields a crude estimate of the
concentration of theradionuclidein the soil porewater
percolating through the soil.

Though partition factors are highly site specific,
generic values have been used in the past for screening
calculations which are designed to provide reasonable
upper bound radionuclide concentrations in leachate
and ground water. Examples of generic partition
factors are provided in NRC86. Tabulations of Kd
values that have had widespread application are
provided in BAE83 and SHE9O.

If either the measured or derived values for the
radionuclide concentrations in ground water exceed
the applicable criteria, resources need to be put into
place to perform ground-water modeling.



2.2 REASONSFOR MODELING

Once it is determined that the ground-water exposure
pathway is potentially important, ground-water flow
and transport modeling can have awide range of uses
in support of remedial decision making. Table 2-1
presents the principal reasons for modeling on a
remedial project. These uses can surface during any
phase of theremedial process. However, some of these
reasonsare morelikely to occur during specific phases
of aremedial project.

In Table 2-1, scoping and planning occur early in the
project, wherein regional, sub-regional, and site-
specific data are reviewed and analyzed in order to
define the additional data and analyses needed to
support remedial decision making. In the site
characterization phase, the plans devel oped during the
scoping phase are implemented. These data are used
to characterize more fully the nature and extent of the
contamination at the site, to define the environmental
and demographic characteristics of the site, and to
support assessments of the actual or potential impacts
of the site. The results of the site characterization
phase are analyzed to determine compliance with
applicable regulations and to begin to define strategies
for the remediation of the site. In the site remediation
phase, alternative remedies are identified, evaluated,
selected, and implemented.

During scoping and planning, modeling can be used to
identify the potentially significant radionuclides and
pathways of exposure, which, in turn, can be used to
support thedesign of comprehensive and cost-effective
waste characterization, environmental measurements,
and site characterization programs. During site
characterization, modelingisused primarily in support
of dose and risk assessment of the site and to evaluate
the adequacy of the site characterization program.
During the remediation phase, modeling is used
primarily to support the selection and implementation
of aternative remedies and, along with environmental
measurements programs, is used to determine the
degree to which the remedy has achieved the remedial
goals.

Table 2-1 attempts to identify those opportunities for
modeling that are more likely to surface during the
different phases of the remedial process. In general,
the remedial phase often dictates the types of remedial
decisions that need to be made and the amount of site-
specific information and time available to make these
decisions. These, in turn, determine the role of
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modeling. For example, during scoping, it may not be
feasible to gain access to sampling locations, and the
only way to predict the potential impacts of a source of
contaminants is by modeling. During site
characterization, sampling locations are generaly
accessible; however, the contaminant may have not yet
reached areceptor location. Accordingly, modelingis
used to predict future impacts. During remedy
selection, modeling is used to simulate the
performance of aremedy in order to evaluate its cost-
effectiveness and refine its design.

2.3 PLANNING FOR MODELING

2.3.1 ldentifying Modeling Needs

Given the phase in the remedial process and the
reasons for modeling, the types of models and the
input data required to run the models are determined
by the characteristics of the waste, the site
hydrogeological setting and characteristics, and the
current and projected ground-water use in the vicinity
of the site. Accordingly, the role of and need for
modeling, and thetypes of modelsand associated input
data, are determined by a combination of five factors:

I phase of the remedial process,
reasons for modeling,

waste characteristics,
hydrogeological characteristics, and
I Jocal land use and demography.

In order to make informed decisions regarding the
selection and application of ground-water flow and
transport models and the interpretation of the results,
the remediation manager will require site-specific
information on each of thesefivefactors. Thefirst two
factors are related and are largely determined by the
regulatory structure within which remedial decisions
are being made. The last three factors are of a more
technical natureand usually require highly specialized
expertise to relate the waste, hydrogeologic, and
demographic characteristics of a site to the models
suited to these characteristics and the reasons for
modeling.



Table2-1. Matrix of Reasonsfor Modeling

Opportunities for Modeling

Scoping*

Site
Characterization*

Remediation®

When it is not feasible to perform field
measurements, i.e.,

I Cannot get access to sampling locations
I Budgetislimited

I Timeislimited

M

F

F

When there is concern that downgradient locations
may become contaminated at some time in the future.

When field data alone are not sufficient to

characterize fully the nature and extent of the

contamination; i.e.,

I when field sampling is limited in space and time
and needs to be supplemented with models

I when field sampling results are ambiguous or
suspect

When there is concern that conditions at a site may
change, thereby changing the fate and transport of
the contaminants; i.e.,

I seasonal changesin environmental conditions
severe weather (floods, tornadoes)

1 accidents (fire)

When there is concern that institutional control at the
site may be lost at some time in the future resulting

in unusual exposure scenarios or a change in the fate
and transport of the contaminants; i.e.,

trespassers

inadvertent intruder

(construction/agriculture)

drilling, mineral exploration, mining

human intervention (drilling, excavations,
mining)

When remedial actions are planned and thereis a
need to predict the effectiveness of alternative
remedies.

When there is a need to predict the time when the
concentration of specific contaminants at specific
locations will decline to acceptable levels (e.g.,
natural flushing).

When thereis concern that at some time in the past
individuals were exposed to elevated levels of
contamination and it is desirable to reconstruct the
doses.

Denotes an important role.
Denotes aless important role. 2-4




Table 2-1. (Continued)

Opportunities for Modeling

Scoping*

Site
Characterization*

Remediation®

When there is concern that contaminants may be
present but below the lower limits of detection.

F

M

F

10.

When field measurements reveal the presence of
some contaminants and it is desirable to determine if
and when other contaminants associated with the
source may arrive, and at what levels.

F

M

F

11.

When field measurements reveal the presence of
contaminants and it is desirable to identify the source
or sources of the contamination.

12.

When there is a need to determine the timing of the
remedy; i.e., if the remedy is delayed, istherea
potential for environmental or public health impacts
in the future?

13.

When there is a need to determine remedial action
priorities.

14.

When demonstrating compliance with regulatory
reguirements.

15.

When estimating the benefit in a cost-benefit analysis
of alternative remedies.

16.

When performing a quantitative dose or risk
assessment.

17.

When designing the site characterization program
and identifying exposure pathways of potential
significance.

18.

When there is a need to compute or predict the
concentration distribution in space and time of
daughter products from the original source of
radionuclides.

19.

When there is a need to quantify the degree of
uncertainty in the anticipated behavior of the
radionuclides in the environment and the associated
doses and risks.

20.

When communicating with the public about the
potential impacts of the site and the benefits of the
selected remedy.

Source: EPA93

1. M Denotes an important role.

F Denotes alessimportant role. 2-5




Recognizing the need for modeling, and identifying
and applying themodel sthat meet these needs, unfolds
as the project matures. Modeling decisions are based
on site-specific information pertaining to each of the
above five factors and the combined judgement of
regulatory and technical specialists. ~ Modeling
decisions cannot be made in a "cookbook" fashion.
Accordingly, during the initial phases of a remedial
project and throughout the remedial process, the
remediation manager must continually assessthe need
to employ models. Table 2-1 can be useful in
determining when these needs exist or may arise.

Once the modeling needs are recognized, it is
appropriate to determine or define the form of the
results or output of the modeling exercise. The
following presentsthe varioustypesof output resulting
from a given modeling exercise for sites containing
radioactive material.

I The time-averaged and time-varying radionuclide
concentrations in air, surface water, ground water,
soil, and food items. These are usually expressed in
units of pCi/L of water or pCi/kg of soil or food
item. The time-averaged values are used to
determine the annual radiation doses and risks
and/or compliance with ARARSs that are expressed
as average, as opposed to peak values. The time-
varying values are useful in determining arrival
times of contaminants at receptor locations, which
can help in prioritizing sites, or the impacts of
accidental releases, which are often one-time, short-
term occurrences.

The radiation field in the vicinity of radioactive
material, expressed in units of pR/hr. Estimates of
exposure rate, whether measured or predicted, are
useful in protecting members of the public or
workerswho may be present in, or need to enter, the
radiation field.

The transit time or time of arrival of aradionuclide
at a receptor location. This measure is useful in
determining at what point in the future a source of
contamination has the potential to adversely affect
receptors.

The volume of water contained within or moving
through a hydrogeological setting.

Potentiometric surfaces (i.e., heads) are commonly
output from ground-water flow models from which
ground water/contaminant flow pathsand/or capture
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Zones can be determined.

Radiation dosesto individual members of the public
under quasi-steady state and changing conditions
and following accidents. The doses are evaluated
for the site in its current condition (i.e., the no
action alternative) and during and following abroad
range of feasible alternative remedies. These are
usually expressed in units of mrem/yr effective dose
equivalent (EDE) for continuous exposures and
mrem per event (EDE) for transients and postul ated
accidents. Most radiation protection standards are
expressed in units of the dose to individuals.

Radiation risksto individual members of the public
under expected and transient conditions and
following accidents. Therisksare evaluated for the
no action alternative and during and following a
broad range of feasible remedies. These are usually
expressed in unitsof individual lifetimerisk of total
and fatal cancers. In addition to individual dose,
individual risk isused to characterizetheimpactson
public health and is required by the National
Contingency Plan (NCP).

Cumulative radiation doses to the population in the
vicinity of the site under expected and transient
conditionsand following accidents. Thecumulative
doses are evaluated for the no action alternative and
during and following a broad range of feasible
remedies. These are usually expressed in units of
person rem/yr (EDE) for continuous exposures and
person rem per event (EDE) for transients and
accidents.

Cumulative radiation risks to the population in the
vicinity of the site under expected and transient
conditionsand following accidents. Thecumulative
population risks are evaluated for the no action
alternative and during and following a broad range
of feasible remedies. These are usually expressed
in units of total and fatal cancers per year for
continuous exposures or per event for transientsand
accidents in the exposed population.

Radiation doses and risks to remedial workersfor a
broad range of aternative remedies. The units of
dose and risk for individual and cumulative
exposures are the same as those for members of the
public.

Uncertainties in the above impacts, expressed as a
range of values or a cumulative probability



distribution of dose and risk.

The specific regulatory requirements that apply to the
remedial program determine which of these "end
products’ isneeded. Ingeneral, thesemodeling results
are used to assess impacts or compliance with
applicableregulations; however, informationregarding
flux, transport times, and plume arrival timesis aso
used to support a broad range of remedial decisions.

These modeling endpoints must be clearly defined,
since the type of endpoint will help to determine the
type of ground-water flow and transport model that
will support the endpoint of interest. For example, a
baseline risk assessment at a site contaminated with
radioactive material is used in determining the annual
radiation doseto anindividual drinking water obtained
from apotentially contaminated well. Theendpointin
this caseisthe doseto anindividual expressed in units
of mrem/yr. In order to estimate this dose, it is
necessary to estimate the average concentration of
radionuclides in the well water over the course of a
year. The models, input parameters, and assumptions
needed to predict the annual average radionuclide
concentration aredifferent than those needed to predict
the time-varying concentration at a given location.
The latter usually requires much more input data and
models capable of simulating dynamic processes.

2.3.2 Sources of Assistance

Once the remediation manager has identified the role
modeling will play on the remedial project (see Table
2-1) and the forms of the results of the modeling
exercise, resources must be put into place to meet these
needs. These resources include access to technical
expertise and a broad range of ground-water flow and
transport models.

In response to the need for ground-water flow and
transport modeling in support of remedial decision
making, guidance and assistance are becoming
increasingly available. Appendix B briefly
summarizes some of the resources available to a
remediation manager, organized according to the
following categories:

I Branches and Divisions within Agencies
Expert Systems

Electronic Bulletin Boards

I Electronic Networks
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2.3.2.1 Branchesand Divisions Within Agencies

Environmental Protection Agency

Technical assistance available to EPA remediation
managers is described in "Technical Assistance
Directory,” CERI-91-29, July 1991.

Nuclear Regulatory Commission

Technical assistanceto NRC personnel with regulatory
oversight responsibility for the decontamination and
decommissioning of licensed facilities is available
from the Office of Nuclear Material Safety and
Safeguards (NMSS).

Department of Energy

Technical guidance for DOE and DOE contractor
personnel with responsibility for environmental
restoration and waste management at DOE facilitiesis
provided through the Office of Environmental, Sefety,
and Health. In addition, since many of the DOE sites
are on the NPL, EPA technical assistance can also be
accessed.

2.3.2.2 Electronic Media

Electronic communication media are becoming a
common means by which individuals participate in
forums where expertise is freely shared. Institutions
whose mandate includes the dissemination of expert
advice and information also use these media. These
forms of communication result from the direct
transmittal of computer media(e.g., tape, diskette, CD-
ROM, etc.) or utilize remotely accessed computer
systems consisting of dedicated hardware and
associated software. In remote systems, the user can
accessthe system viamodem or some other hard-wired
connection and retrieve from or transmit to the system
information as required.

Electronic mediaoffer great potential to assist ground-
water model users and reviewers. It is possible to
classify these media into three types, namely bulletin
boards (restricted access), networks (general access),
and expert systems. Although the first two systems
operate similarly and share some approaches to
providing their services, they differ in the way that
they are used. A brief overview of these instruments
follows. Specific examples of these resources are
presented in Appendix B.



Bulletin Boards

Bulletin boards exist at a specific location maintained
by an identifiable individual or institution. Bulletin
boards usually contain facilities for posting electronic
mail and allow the user to participate in one or more
conferences - more-or-less structured discussions on
specific topics. In addition, most bulletin boards
contain archives of files consisting of various data
bases, executable programs, and notices.

Networks

A computer network consists of a number (in some
casesmany thousands) of individual computers(nodes)
tied together by hardware and some network software
that regulates access to the system and the transfer of
information between nodes. Most network discussion
groups are moderated by an individual or group of
individuals. Networks can be and are used to post
electronic mail in much the same way as one would
post mail on abulletin board. However, they have the
additional capability of "broadcasting” information to
amuch more general audience. Networks are a good
way to get answers to problems when the user is
unsure of who might possibly provide those answers.
An even more powerful aspect of some networksisthe
ability to run software on one of the network nodes
in real-timefrom a

remote location with immediate feedback.
bulletin boards don't allow that level of access.

Most

Expert Systems

Expert systems are software packages which guide a
user through the solution of a problem by asking a
series of questions and/or by providing a series of pre-
programmed answers to those questions. An example
of such asystem that can be used in the selection of an
appropriate code for air, surface, or ground-water
modeling is the Integrated Model Evaluation System
available from the Environmental Protection Agency.
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Both bulletin boards and networks are effective in
obtaining non-urgent help on focused issues and for
keeping up with fast-changing subjects - they are not
particularly useful if the user needs information
quickly or cannot phrase a question succinctly and
clearly. Many bulletin boards and networks arefreeto
the user while others are based on some fee system.
Nearly all remotely accessed electronic media require
some form of registration before use, either by written
request and registration or by on-line registration
during the user's first session. Expert systems will
usually offer the fastest and most in-depth answers to
specific problems. But expert systems can be quickly
outdated if the data (knowledge) base on which they
depend changes. The "learning curve" for all three
typesof electronicinformation exchangeisfairly quick
- auser can request and/or obtain useful informationin
amatter of minutes to hours.



SECTION 3

CONSTRUCTING AND REFINING THE CONCEPTUAL MODEL

OF THE SITE

For sites on the NPL, the development of a conceptual model of the site isidentified as a specific step in the scoping
stage of the RI/RS process (see EPA88). However, the need for conceptual modeling applies to any site undergoing
remediation. Figure 3-1, taken from EPA8S, isan example of a conceptual model. It identifiesthe various pathways
that may contribute to the potential current and future impacts of the site on public health and the environment.
Accordingly, the construction of a conceptual model of a site is the first step in determining modeling needs and
identifying models that meet these needs. This section presents a brief discussion of basic concepts pertinent to the
construction of a conceptual model of the site with respect to the ground-water pathway for sites contaminated with

radionuclides.
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3.1 BASICQUESTIONSTHATWILLNEEDTO
BE ANSWERED

For sites where ground-water contamination is
identified asapotentially important exposure pathway,
the planning effort should attempt to answer the
following typical questions:

I Dotheradionuclides haverelatively long or short
half-livesand do they haveradioactivedaughters?

Do the contaminants enter the ground-water flow
system at a point, or are they distributed along a
line or over an area (or volume)?

Does the source consist of an initia pulse of
contaminant or is it constant over time?

Is there athick unsaturated zone?

Isthelithography relatively homogeneousor does
it contain multiple layers?

How will the hydrogeology affect flow and
transport?

Atwhat rate will the radionuclides be transported
relative to ground-water flow?

Are there nearby wells or other hydraulic
boundaries that could influence ground-water
flow?

What is the nature of the system boundaries?

Wherearethe current or future receptors|ocated?
Can they influence ground-water flow?

The answersto these questionswill help toidentify the
types of processes that may need to be modeled at the
site, which, in turn, will help in screening the types of
modelsand computer codes appropriatefor thesite. A
discussion of the various flow and transport processes
and the site characteristics that influence these
processesis provided in EPA8S.

During the scoping phase, it will not be possible, nor
necessary, to answer these questions with certainty.
However, as site characterization proceeds,
information will become available that will help to
develop more complete answersto these questions. In
fact, awell-designed site characterization programwill

obtain data that will help answer these questions.

3.2 COMPONENTS OF THE CONCEPTUAL
MODEL FOR THE GROUND-WATER
PATHWAYS

The components that make up the initial conceptual
model of the site include:

1. the contaminant/waste characteristics,

2. thesite characteristics, and

3. land use and demography.
Astheremedial processprogressesfrominitial scoping
and planning to detailed characterization to
remediation, the site characterization becomes more
precise and complete. The following sections discuss
each of these components of a conceptual model and
how they can influence model selection.

3.2.1 Contaminant/Waste Char acteristics

Totheextent feasible, the site conceptual model should
address the following characteristics of the waste:

I Types of radionuclides
I Waste form and containment

1 Source geometry (e.g., volume, area, depth,
homogeneity)

I Physical and chemical properties of the
radionuclides

I Geochemical setting

Within the context of ground-water modeling, these
characteristics are pertinent to modeling the source
term, i.e, the rate at which radionuclides are
mobilized from the waste and enter the unsaturated
and saturated zones.

Types of Radionuclides

One of the most important characteristics in
developing aconceptual model of thesiteisidentifying
the type and approximate quantities of the
radionuclides present. This will not only determine
the potential offsiteimpacts of thesite, it will also help



to identify the potential magnitude of the risks to
workers, the mobility of the radionuclides, and the
time period over which the radionuclides may be
hazardous. The types of radionuclides will also
determine whether radioactive decay and theingrowth
of daughtersareimportant parametersthat will needto
be modeled.

Waste Form and Containment

Radioactive contaminants are present in awide variety
of waste formsthat influence their mobility. However,
in most cases, the radionuclides of concern are long-
lived, and the integrity of the waste form or container
cannot be relied upon for long periods of time.
Therefore, the source term is often conservatively
modeled as a uniform point, areal, or volume source,
and no credit is taken for waste form or
containerization (EPA92).

If it is desired to model explicitly the performance of
the waste form (e.g., rate of degradation of solidified
waste or containerized waste) or transport in a
complex geochemical environment (changing acidity,
presence of chelating agents or organics), complex
geochemical models may be needed. Depending on
thewasteform and container, such modelswould need
to simulate the degradation rate of concrete, the
corrosion rate of steel, and the leaching rate of
radionuclidesassociated with variouswasteforms(i.e.,
soil, plastic, paper, wood, spent resin, concrete, glass,
etc.). These processes depend, in part, on the local
geochemical setting.  However, it is generaly
acknowledged that it is not within the current state-of -
the-art to explicitly model the geochemical processes
responsiblefor the degradation of the waste containers
or the waste itself (NRC 90).

Physical and Chemical Properties of the
Radionuclides

If feasible, the conceptual model of the site should
describe the radionuclides and their physical and
chemical characteristics. These parameters may be
pertinent to model selection because certain
radionuclides have properties that are difficult to
model. For instance, most of the NPL and SDMP sites
are contaminated with thorium and uranium, both of
which decay into multiple daughters which may differ
from their parents both physically and chemically.
Some of the radionuclides (e.g., uranium) exhibit
complex geochemistry and their mobility is dependent

upon the redox conditions at the site. Though the
chemical form of the radionuclides and the
geochemical setting can have a profound effect on the
transport of the radionuclides, it is generally
acknowledged reliable modeling of the various
geochemical processes is not often feasible.
Accordingly, during the construction of a site
conceptual model, detailed information regarding the
chemical composition of the radionuclides may not be
necessary. The degree to which this type of
information will be needed to support remedial
decision making will surface as site characterization
proceeds.

Geochemical Setting

In addition to the standard chemical properties of
radionuclides, it is important to understand the
geochemical properties and processes that may affect
transport of the radionuclides that are specific to the
site.  These properties and processes include the
following:

I Complexation of radionuclides with other
constituents

I Phase transformations of the radionuclides
I Adsorption and desorption

I Radionuclidesolubilitiesat ambient geochemical
conditions

If it is desired to model these processes explicitly, as
opposed to using simplifying assumptions, such as
default or aggregate retardation coefficients, more
complex geochemical models may be needed.
However, as discussed above, it is currently not often
feasible to explicitly model complex geochemical
processes.

3.2.2 Environmental Characteristics

The conceptual model of the site should begin to
address the complexity of the environmental and
hydrogeological setting. A complex setting, such asa
complex lithology, a thick unsaturated zone, and/or
streams or other bodies of water on site(i.e., acomplex
site), generally indicatesthat the direction and velocity
of ground-water flow and radionuclide transport at the
site cannot be reliably simulated using simple one-
dimensional, analytical models (see Appendix C).



At more complex sites, such as many of the defense
facilities on the NPL, the remedial process is gener-
ally structured so that, as the investigation proceeds,
additional data become available to support ground-
water modeling. An understanding of the physical
system, at least at a sub-regional scale, may allow an
early determination of the types of models appropriate
for useat thesite. Specifically, during the early phases
of the remedia process, when site-specific data are
limited, the following site characteristics may be
extrapolated from regional -scal e information and will,
in part, determine the types and complexity of models
required:

1 Approximate depth to ground water

I Ground-water flow patterns

Lithology of theunderlying rocks(e.g., limestone,
basalt, shale)

Presence of surface water bodies

Land surface topography

Sub-regional recharge and discharge areas

Processes or conditions that vary
significantly in time

Even at complex sites, complex computer models may
not be needed. For example, if a conservative
approach is taken, where transport through the
unsaturated zone is assumed to be instantaneous, then
the complex processes associated with flow and
transport through the unsaturated zone would not need
to be modeled. Such an approach would be
appropriate at sitesthat arerelatively small and where
the extent of the contamination iswell defined. Under
these conditions, the remedy islikely to be removal of
the contaminated surface and near-surface material.
Examples of these conditions are many of the SDMP
sites and severa of the non-defense NPL sites. In
these cases, the use of conservative screening models,
along with site data, may be sufficient to support
remedial decision making throughout the remedial
process.

Depth to Ground Water

Sites located in the arid west and southwest (e.g.,
Pantex, Hanford, and INEL) generally have greater
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depths to ground water. The simulation of flow and
transport through the unsaturated zone will generally
reguire more complex computer codes due to the non-
linearity of the governing equations. Modeling of the
unsaturated zone is further hampered because the
necessary data are often difficult to obtain.

Ground-Water Flow Patterns

The intricacy of the ground-water flow patterns will
have a significant impact on the complexity of the
required modeling. The dominating factors that
control the flow patterns are both the geology and
hydraulic boundaries. Flow in the saturated zone will
tend to be uniform and steady in hydrogeologic
systems that have uncomplicated geology and
boundary conditions that are relatively stable with
time. Uniform flow refers to flow that is in one
direction and doesnot vary acrossthewidth of theflow
field. Steady flow does not change over time.
Boundary conditions, such as constant
pumping/injection and recharge from perennial lakes
and streams, are generally constant over time.

Hydrogeological featuresthat indicatethat flow may be
unsteady and nonuniform are areas where discrete
geologic features are known to exist (e.g., faults,
fractures, solution channels), as well as hydraulic
boundaries which may consist of ephemeral streams,
highly variable rainfall, and areas occasionally
indurated by flooding.

Sub-Regiona Lithology

The lithology of the underlying rocks also provides
insight into the expected level of difficulty of
modeling. A number of the NPL sites overlie areas
wherefracturesare probably dominant mechanismsfor
flow and transport. Thesesitesinclude Hanford, Idaho
National Engineering L aboratory (INEL), Maxey Flats,
Jacksonville, Oak Ridge, West Valley, and Pensacola
Air Stations. In some cases, such as at Hanford, the
fractured zone is deep below the site, and concerns
regarding ground-water contamination are limited
primarily to the near-surface sedimentary rock.

It is unlikely that analytical models could be used to
adequately describe flow and transport in the fractured
systems because radionuclide transport and ground-
water flow in fractured media are much more complex
than in unfractured granular porous media. For that



matter, it generally requiresvery specialized numerical
codes to simulate flow and transport in fractured
media. Thisis because of the extreme heterogeneity
and anisotropy associated with the fractures.

Surface Water Bodies

Virtually al of the NPL sites and many of the SDMP
sites have surface water bodies at or in the immediate
vicinity of the site. Bodies of water often have a
significant impact on the ground-water flow and can
seldom be neglected in the modeling analysis. In
general, analytical modelsarelimitedintheir ability to
simulate properly the effect that surface water bodies
have on contaminant flow and transport, particularly
if the surface water body behaves episo-dically, suchas
tidal or wetland areas. Several of the NPL sites are
inundated with wetlands, including Oak Ridge, Himco,
and Shpack Landfill. At least two sites, Pensacolaand
Jacksonville, are closeto estuaries, which suggeststhat
tidal as well as density-dependent flow and transport
may be significant.

Sub-Regiona Topography

The land surface topography is often overlooked in
developing a site conceptua model but may be an
important factor in evaluating the need for, and
complexity of, ground-water modeling. Topography
may significantly influence ground-water flow
patterns. For instance, Maxey Flatsis situated atop a
relatively steep-sided plateau with a stream located at
the bottom of the slope. The steep topo-graphy
strongly controls the direction of ground-water flow,
making it much more predictable. Furthermore,
estimating the flux of ground water moving into the
system from upgradient sourcesbecomesmuch simpler
if the area of interest is alocal recharge area, such as
ahill or mountain.

Steep topography can also complicate the modeling by
making it more difficult to simulate hydraulic heads
that are representative of the hydrologic units of
interest.

Regional Recharge/Discharge

The ground-water flow pathswill largely be controlled
by regional and sub-regional ground-water recharge
and dischargeareas. Itisgenerally necessary to ensure
that the conceptual model of flow and transport on a
local scale is consistent with the sub-regional and

regional scale. If the site is located in an aquifer
recharge area, the potential for widespread aquifer
contamination is significantly increased, and reliable
modeling is essential.

3.2.3 Land Use and Demogr aphy

The site conceptual model will need to identify the
locations where ground water is currently being used,
or may be used in the future, as a private or municipal
water supply. At siteswith multiple user locations, an
understanding of ground-water flow in two or three
dimensions is needed in order to predict realistically
the likelihood that the contaminated plume will be
captured by the wells located at different directions,
distances, and depths relative to the sources of
contamination.

Simple analytical ground-water flow and transport
models typically are limited to estimating the
radionuclide concentration in the plume centerline
downgradient from the source. Accordingly, if it is
assumed that the receptors are located at the plume
centerline, a simple model may be appropriate. Such
an assumption is often appropriate even if areceptor is
not currently present at the centerlinelocation because
theresultsaregenerally conservative. Inaddition, risk
assessments often postulate that a receptor could be
located directly downgradient of the source at some
timein the future.

The need for complex models increases if there are a
number of public or municipal water supplies in the
vicinity of the source. Under these circumstances, it
may be necessary to calculate the cumulative
population doses and risks, which requires modeling
theradionuclide concentrations at anumber of specific
receptor locations. Accordingly, off-centerline
dispersion modeling may be needed.



SECTION 4

CODE SELECTION - RECOGNIZING IMPORTANT MODEL CAPABILITIES

The greatest difficulty facing the investigator during the code selection processis not determining which codes have
specific capabilities, but rather which capabilities are actually required to support remedial decision making during
each remedial phase at aspecific site. Thissection isdesigned to help the remediation manager and support personnel
recognize the conditions under which specific model features and capabilities are needed to support remedial decision

making.
4.1 INTRODUCTION

Theinfluencethat site and code related characteristics
have on code selection can be both global in nature as
well asvery specific and exacting. For thisreason, this
sectionisdivided into two distinct parts. Thefirst part
addresses general considerations of the code selection
process. The discussion provides an overview of how
the code selection process is influenced by the
interdependency between the modeling objectives and
the site and code characteristics. The second part of
the section focusesprimarily on specific considerations
related to the code selection process. The discussion
providestheinformation necessary to determinewhich
specific site characteristics need to be explicitly
modeled and when attempting to model such
characteristics is impossible, unjustified, or possibly
even detrimental to the modeling exercise.

4.2 GENERAL CONSIDERATIONS - CODE
SELECTION DURING EACH PHASE IN
THE REMEDIAL PROCESS

Successful ground-water modeling must beginwiththe
selection of acomputer codethat isnot only consistent
with the site characteristics but al so with the modeling
objectives, which depend strongly on the stage of the
remedial process; i.e., scoping vs. site characterization
vs. the selection and implementation of a remedy.
There are no fail-safe methods for selecting the most
appropriate computer code(s) to address a particular
problem. However, theentire process of code selection
can berelatively straightforward if it isgiven adequate
attention early in the project devel opment.

One of the primary goals of mathematical modeling is
to synthesize the conceptual model, as discussed in
section 3, into mathematical expressions, which, in
turn, are solved by selecting an appropriate computer
code. This section discusses how the different

components of the conceptual model, in conjunction
with the modeling objectives, influence the modeling
approach and ultimately the selection of the most
appropriate computer code.

The underlying premise of this section is that the
various aspects of the conceptua model may be
simulated in a variety of ways, but the selected
approach must remain consistent with the objectives.
That is, the physical system cannot be overly
simplified to meet ambitious objectives, and less
demanding objectives should not be addressed with
sophisticated models.

Table 4-1 presents an overview of how the overall
approach to modeling asite differsas afunction of the
stage of the remedial process. The most common code
selection mistakes are selecting codes that are more
sophisticated than are appropriate for the available
data or the level of the result desired, and the
application of acode that does not account for the flow
and transport processes that dominate the system. For
example, atypical question that often arisesis: when
should three-dimensional codes be used as opposed to
two-dimensional or one-dimensional codes? Inclusion
of thethird dimension requires substantially moredata
than one- and two- dimensional codes. Similar
guestions need to be considered which involve the
underlying assumptionsin the selection of amodeling
approach and the physical processes which are to be
addressed. If the modeler is not practical,
sophisticated codes are used too early in the problem
analysis. In other instances, the complexity of the
modeling is commensurate with the qualifications of
the modeler. An inexperienced modeler may take an
unacceptably simplistic approach.



Table4-1. General Modeling Approach as a Function of Project Phase

Attributes Scoping

Characterization Remediation

Conservative
Approximations

Accuracy

Site-Specific
Approximations

Remedia Action Specific

Temporal Representation of
Flow and Transport Processes

Steady-State Flow and
Transport Assumptions

Steady-State Flow/Transient
Transport Assumptions

Transient Flow and
Transport Assumptions

Dimensionality One-Dimensional

1,2-Dimensional/Quasi-
3-Dimensiond

Fully 3-Dimensional/Quasi-
3-Dimensiona

Boundary and Initia
Conditions

Uncomplicated
Boundary and Uniform
Initial Conditions

Non-Transient Boundary
and Nonuniform Initial
Conditions

Transient Boundary and
Nonuniform Initial
Conditions

Assumptions Regarding Flow
and Transport Processes

Simplified Flow and
Transport Processes

Complex Flow and
Transport Processes

Specialized Flow and
Transport Processes

Lithology Homogeneous/Isotropic | Heterogeneous/Anisotropic Heterogeneous/Anisotropic
Methodology Analytica Semi-Analytical/Numerical Numerical
Data Requirements Limited Moderate Extensive

One should begin with the simplest code that would
satisfy the objectives and progress toward the more
sophisticated codes until the modeling objectives are
achieved.

The remedial processis generally structured in away
that is consistent with this philosophy; i.e., as the
investigation proceeds, additional data become
available to support more sophisticated ground-water
modeling. The data that are available in the early
stage of the remedial process may limit the modeling
to oneor two dimensions. In certain cases, thismay be
sufficient to support remedial decision making. If the
modeling objectives cannot be met in this manner,
additional data will be needed to support the use of
more complex models. The selection of more complex
models in the later phases often depends on the
modeling results obtained with simpler models during
the early phases.

Generally in the later phases of the investigation,
sufficient data have been obtained to meet more
ambitious objectives through complex three-dimen-
sional modeling. The necessary degree of sophistica
tion of the modeling effort can be evaluated in terms of
both site-related issues and objectives, as well as the
qualities inherent in the computational methods
availablefor solving ground-water flow and transport.

Modeling objectives for each stage of the remedia
investigation must be very specific and well defined

early within the respective phase of the project. All too
often modeling is performed without developing a
clear rationaleto meet the objectives, and only after the
modeling is completed are the weaknesses in the
approach discovered.

The modeling objectives must consider the decisions
that the model results are intended to support. The
selected modeling approach should not be driven by
the data availability, but by the modeling objectives
which should be defined in terms of what can be
accomplished with the available data. It isimportant
to keep in mind that the modeling objectives should be
reviewed and possibly revised during the modeling
process. Furthermore, ground-water modeling should
not be thought of as a static or linear process, but
rather one that must be capable of continuously
adapting to reflect changes in modeling objectives,
data needs, and available data.

A final consideration, truefor all phases of the project,
isto select codes that have been accepted by technical
experts and used within a regulatory context.

The following discusses computer code selection
during each phase of the remedial process. The
emphasis is placed on the processes and assumptions
inherent in the mathematical models used in computer
codes. The discussion is organized according to the
factors delineated in Table 4-1.



421 Scoping

In the scoping phase, site-specific information is often
limited. Therefore, themodeling performed duringthe
early planning phase of most remedial investigations
is generally designed to support relatively simple
objectives which can be easily tied to more ambitious
goas developed during the later phases of the
investigation. The very nature of the iterative process
of data collection, analysis, and decision making
dictates that the preliminary objectives will need to
evolve to meet the needs of the overall program. That
is, it would be unreasonable to assume that simplified
modeling based upon limited datawould do little more
than provide direction for future activities.

Animportant issuethat often arises during the scoping
phase is whether remediation and decommissioning
strategies can be selected during the scoping phase
using limited data and simple screening models. Such
decisions can be costly at complex sites where the
nature and extent of the contamination and transport
processes are poorly understood. How-ever, at
relatively simple sites, early remediation decisionscan
be made, thereby avoiding the unneces-sary delaysand
costs associated with a possibly pro-longed site
characterization and modeling exercise.

A large part of code selection in the early phase of the
investigation is understanding the project decisions
that need to be made, and, of these, which can be
assisted through the use of specific codes under the
constraints of both limited data and an incomplete
understanding of the controlling hydrogeologic
processes at the site. It is not always necessary to
select a computer code or analytical method that is
consistent with all aspects of the conceptual model. It
isoften useful to model only certain components of the
conceptual model. 1n practice, early modeling focuses
upon assessing the significance of specific parameter
values and their effects on flow and transport rather
than modeling specific hydrogeologic transport
processes. For instance, it is common during the
scoping phase to evaluate transport as a function of a
range of hydraulic conductivities, however, it is
unlikely that more complex processes such asflow and
transport through fractures would be considered.

Because general trends, rather than accuracy, are most
important during the scoping phase, a computer code
or analytical method would need to be capable only of
accommodating the following:

Conservative Approximations

Steady-State Assumptions

Restricted Dimensionality

Uncomplicated Boundary and Initial
Conditions

I Simplified Flow and Transport Processes
1 System Homogeneity

Thesemodel attributes generally translate to modeling
approaches that are consistent with the available data
during the scoping phase. They are discussed in
greater detail in the following sections.

4.2.1.1 Conservative Approximations

I n the scoping phase of theinvestigation, the objectives
are generally focused on establishing order of
magnitude estimates of the extent of contamination
and the probable maximum radionuclide
concentrationsat actual or potential receptor locations.
At most sites, the migration rates and contaminant
concentrations are influenced by a number of
parameters and flow and transport processes which
typically would not havebeen fully characterizedinthe
early phase of the investigation. The parameters
include recharge, hydraulic conductivity, effective
porosity, hydraulic gradient, distribution coefficients,
aquifer and confining unit thicknesses, and source
concentrations. Questions during the early phases
regarding flow and transport processes are typically
limited to more general considerations, such as
whether flow and transport are controlled by porous
media or fractures and whether the wastes are
undergoing transformationsfrom one phaseto another
(e.g., liquid to gas).

One of the most useful analyses at this point in the
remedial program isto evaluate the potential effects of
the controlling parameters on flow and transport. One
objective of the early anayses is to assess the
relationship among the parameters. How do changes
in one parameter affect the others and the outcome of
themodeling exercise? A better understanding of such
interdependencieswould assistin properly focusingthe
site characterization activities and ensuring that they
are adequately scoped. Obvioudly, it would aso be
desirable to evaluate the effects that various processes



would have on controlling flow and transport;
however, thiswould generally haveto be deferred until
additional information is obtained during site
characterization. Furthermore, somecautionisneeded
inthat if simplistic assumptions have been madeinthe
model, the results may not be valid (i.e., transferable)
to a more refined model that incorporates more
realistic or complex boundary conditions, initia
conditions, or parameter variations.

In general, the uncertainty associated with each of the
parameters is expressed by a probability distribution,
which yields a likely range of values for each
parameter of interest. At this phase in the remedial
process, it is important to select a modeling method
where individual parameter values can be
systematically selected from the parameter range and
easily substituted into the governing mathematical
equations which describe the dominant flow and
transport processes at the site. In this manner, the
effects that a single parameter or a multitude of
parameters have on therate of contaminant movement
and concentrations may be evaluated. This technique
of substituting one value for another from within a
range of values is called a sensitivity analysis. It is
important to ensure that the range of individua
parameter valuesand parameter combinations sel ected
allow for a conservative anaysis of the flow and
transport processes.

In many cases, the possible range of vaues of
important parameters is unknown or very large. Asa
result, the analyst has little alternative but to evaluate
the sensitivity of the results to a very broad range of
possible values for the parameters. Many of these
resultswill be unrealistic but cannot be ruled out until
reliable site data are obtained during site
characterization. These types of analyses are useful
because they help to direct the field work. However,
they can aso be used incorrectly. For example,
individual s not familiar with the scoping process could
come to grossly inappropriate conclusions regarding
the potential public health impacts of the site based on
the results of scoping analyses. Accordingly, care
must be taken to assure that the results of scoping
analyses are used to support the decisions for which
they were intended.

An alternative to the detailed sensitivity analysisis a
conservative bounding approach. In this less
demanding analysis, values are selected from the
parameter rangeto providethe highest probability that
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the results are conservative, i.e., that the contaminant
migration rates and concentrations would not be
underestimated. For example, highvaluesof hydraulic
conductivity combined with low effective porosities
and distribution coefficients would tend to maximize
the predicted contaminant migrationratesalthoughthe
concentrations at receptors may be underestimated.

It isimportant to keep in mind that even though efforts
are made to ensure a conservative analysis, a number
of natural as well as anthropogenic influences may
adversaly affect the migration of radionuclides. For
instance, distribution coefficientsthat are published in
the literature are frequently determined at neutral pH
values. However, even values conservatively selected
from the low range could be too high if acid wastes
have been discarded with the radioactive material.
Burrowing animals and construction activities have
also been responsible for moving radioactive wastes
beyond the boundaries predicted by ground-water flow
and transport models.

Other processes that could render an otherwise
conservative analysis with erroneously optimistic
results include facilitative transport and discrete
features, such as soil macropores. Facilitative
transport is aterm used to describe the mechanism by
which radionuclides may couple with either naturally
occurring material or other contaminants and move at
much faster rates than would be predicted by their
respective distribution coefficients.  Furthermore,
discrete features are rarely considered in early
analyses, even though it is well known that discrete
features, such as soil macropores, can allow
contaminant movement on the order of metersper year
in the vadose zone. The result could be a gross
underestimate of the time of arrival and concentration
of contaminants downgradient. Nonetheless, the lack
of site-specific data will generaly preclude the
mathematical modeling of anomalous flow and
transport processes during the project scoping phase.
Therefore, the potential exists that what would
normally be considered conservative modeling results
areactually underestimating the contaminant vel ocities
and concentrations. This possibility highlights the
need for confirmation of modeling results with site-
specific field data even if a conservative approach has
been undertaken.

As far as code selection is concerned, three basic
choices are available: analytical, semi-analytical, or
numerical codes (Appendix C). Analytical and semi-



analytical methods, which are limited to simplified
representations of the physical setting and flow and
transport processes, are ideally suited for performing
sensitivity and conservativebounding analysesbecause
they are computationally efficient (i.e.,, fast) and
require relatively little data asinput (Section 4.3.2.1).
Several analytical models are set up specifically for
performing sensitivity analyses.

In contrast, numerical methodsdo not lend themselves
to the same kind of "simplified" applications. The
primary reasonsarethat numerical modelsaredifficult
to set up, require a large amount of data input to
calibrate the model, and multiple parameter
substitutions are generally very cumbersome.
However, the bottom line is that simply not enough
data exist in the early phases of aremedial project to
construct and perform defensible numerical modeling.

4.2.1.2 Steady-State Solutions

In the scoping phase, the data that are generally
available have been collected over relatively short time
intervals. Therefore, modeling objectives would be
limited to those which could be met without a detailed
understanding of the temporal nature of processes
affecting flow and transport. For example, a typical
analysis that would not require detailed knowledge of
the temporal nature of recharge, source release rates,
and other flow and transport mechanismswould bethe
estimation of the distance that radionuclides have
traveled since the beginning of waste management
activities. This analysis would use yearly average
values for the input parameters, such as ambient
recharge, stream flow stages, and source concentration
release rates. However, without accommodating the
transient nature of these processes, predictions of peak
contaminant concentrations arriving at downgradient
receptors would be associated with a high degree of
uncertainty.

Analytical transport solutions are generally able to
simulate only systems that assume steady-state flow
conditions, but, because the available data rarely
support transient simulations during the scoping
phases, common analytical methods may often be used
more effectively than numerical methods. It is much
easier to conduct bounding and sensitivity analyses
with analytical rather than numerical models.

4.2.1.3 Restricted Dimensionality

Ground-water flow and contaminant transport are
seldom constrained to one or two dimensions.
However, during scoping, modeling objectives must
take into account that there is rarely sufficient
information to describe mathematically the controlling
flow and transport processes in three dimensions. In
reality, most of the modeling analysis in the
preliminary investigation will focus upon centerline
plume concentrations which are essentially one- and
two-dimensional analyses. One-dimensional analyses
of the unsaturated zone are customarily performed in
across-sectional orientation becauseflow and transport
are predominantly vertically downward. Similarly, in
the saturated zone, vertical gradients are generally
much smaller than lateral gradients and, as a resullt,
vertical transport need not always be explicitly
modeled. Therefore, two-dimensional areal analyses
may be appropriate.

Figures 4-1 through 4-4 may be useful in visualizing
the differences between one-, two-, and three-
dimensional modeling. 1none-dimensional modeling,
the radionuclide concentration is predicted in the
plume centerlineinthex direction, and no information
is provided on the radionuclide concentration in the y
or z direction (Figure 4-1).
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Figure4-1. One-Dimensional Representation of
Conceptual Model



In two-dimensional cross-sectional models for the
unsaturated zone, the radionuclide concentration is
calculated for the x and z direction and it is assumed
to be the same at any dlice through the plumeinthey
direction (Figure 4-2).
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Figure4-2. Two-Dimensiona Cross-Sectional
Representation of Unsaturated Zonein
Conceptua Model

In saturated zone areal models, the radionuclide
concentrations are predicted for the x and y directions,
but it is assumed the radionuclide concentration is the
same in any dlice in the z direction (i.e, the
concentration at any location isthe same at all depths)
(Figure 4-3).
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Figure 4-3. Two-Dimensional Areal
Representation of Saturated Zone
Conceptua Model

Cross-sectional modeling of the saturated zone in
which flow is assumed to bein the lateral and vertical

directions(e.g., transverseflow isignored) may also be
performed. A quasi-three-dimensiona modeling
approach is also commonly used when vertical
components of flow within aguifers are deemed
unimportant. This approach assumes that ground-
water flow through any confining units that separate
aquifers is in only one dimension (i.e., vertical).
Furthermore, flow within the aquifers is two
dimensional (i.e., vertical flow component isignored).
In this manner, the effects of the hydraulic
interconnection among interbedded aquifers and
confining unitscan be simulated without having torely
on fully three-dimensional models.

Three-dimensional models will calculate the
radionuclide concentrations at any X, y, z coordinate,
taking into consideration the variations in the
lithography and hydrogeology in three dimensions
(Figure 4-4).
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Figure4-4. Three-Dimensional Representation of
Conceptua Model

A typical three-dimensional problem would be one
which would be designed to evaluate the geometry of
hypothetical capture zones if one or more extraction
wells were planned for the remediation of the ground
water. The vertical ground-water gradient that would
be artificially created by the pumping wells, aswell as
the induced vertical leakage from overlying and

underlying hydrogeologic units, would be very
important to consider in thisanalysis. If this leakage
were not accounted for, the effectiveness of the
remedial system would be substantially overestimated



because the radii of the capture zones would be too
large.

As a general rule, analytical methods, which can be
performed on ahand-held calculator, are devel oped for
predicting concentrations along the centerline of the
plume and are limited to one dimension. Two- and
three-dimensional analysesare customarily performed
with the assistance of a digital computer. Although
analytical solutions are available for two- and three-
dimensional analysis, the limitations that are placed
upon the solution techniques are so severe that they
can be used only to ssimulate gross system behavior.
Therefore, the three-dimensional example provided
above could not be satisfactorily addressed by an
analytical model because of computational limitations,
such as simple boundary conditions and uniform
geology. However, attempts to circumvent the
limitations of analytical methods at this phase by
adopting numerical methods would only complicate
the problem for reasons previously discussed, as well
as now having to provide parameter estimates in the
second or third dimension.

At this phase, the question is not really whether to use
analytical or numerical methods but rather how many
dimensions should be included in the analytical

modeling. The advantages of adding a second or third
dimension must be carefully weighed against the
further complications of performing the sensitivity
analysis which provides the real strength behind the
application of analytical methods.

4.2.1.4 Uncomplicated Boundary and Uniform
Initial Conditions

Boundary conditions are the conditions the modeler
specifies as known values in order to solve for the
unknowns in the problem domain (Figure 4-5).
Ground-water boundaries may be described in terms of
where water is flowing into the ground-water system
and where water is flowing out. Many different types
of boundaries exist, including: surface water bodies,
ground-water divides, rainfall, wells, and geologic
features such asfaultsand sharp contrastsin lithology.
Initial conditionsaredefined asval uesof ground-water
elevation, flow volumes, or contaminant
concentrations which are initialy assumed to be
present in the area of interest.

Governing equations that describe ground-water flow
and contaminant transport and associated boundary
and initial conditions may be solved either analytically
or numerically. Analytical solutions are preferable
because they are easily adapted to sensitivity analyses;
however, in most cases, analytical methods are not
possible becauseof irregularly shaped boundariesand
heterogeneity of

Fa

J_L ,.,w;?ﬁ
,f e
< | %Q“

I‘" Irr\l--l l.Hn.l B daty 2

(LS
Fecmarrda iy

{_—\.‘\_hl wravalei Ham iﬁh =y —

s
1I [ L ~ _.-""
%I‘l_,a:.ﬁf’ff Ir

5_#;/ f}’

U imiritrrkad s fiearcch

Figure 4-5. Typica System Boundary Conditions



both the geology and flow field. If very few data are
available for the site, it would be very unlikely that
reliable ground-water elevations and flow volumes
could be assigned to calculate the unknowns in the
domain of a numerical model. Furthermore, the
boundary conditions in the numerical model are not
supposed to be subject to radical adjustments and are
generally excluded from detailed sensitivity analyses.
In contrast to numerical methods, analytical methods
are conducive to testing and evaluating both the
boundary and initial conditions. In fact, analytical
methods do not require that boundary values be known
and assigned for the planes and surfaces that surround
the modeled region. However, thisisalso alimitation
of analytical methods in that, if boundary conditions
vary within the problem domain, they cannot be
adequately simulated.

The lack of site-specific data available in the scoping
phase will generally not allow a good definition of the
system boundary and initial conditions; therefore, the
objectiveswill be confined to very limited cal culations
of approximate travel distances and contaminant
concentrations.

Most analytical models will not accommodate non-
uniform boundary or initial conditions. Therefore, if
the domain includes areas where recharge is variable
or alake or stream exhibits strong effects on the flow
field, analytica modeling will not provide good
agreement with the overall system behavior. It follows
that, if the flow field is uniform, which can generally
bedescribed with simpleuniform boundary conditions,
analytical models provide a better method for testing
the boundary conditions than do numerical methods.
However, the true nature of the flow field cannot be
determined until the site is characterized.

4.2.1.5 Simplified Flow and Transport Processes

Site-specific information describing the flow and
transport processes which dominate the migration of
radionuclides would not be available before detailed
site characterization activities are conducted.
Therefore, modeling objectives would need to be
defined as those that could be addressed with only
limited knowledge of the site hydrogeology and
geochemistry. In practice, this means that uniform
porous media flow would be assumed, and that all of
the geochemical reactions that affect the radionuclide
transport would be lumped together as a single
parameter termed the distribution coefficient.

However, the effects of dilution due to the lateral
spreading of the plume over a uniform flow field can
be considered as well as the radionuclide half-lives.

Discrete features, such as macropores, fractures, and
faults, would generally have to be neglected for the
flow and transport analysis, and distribution
coefficients would be selected from literature values
judged to be conservative. Movement through the
unsaturated zone would be simulated with simplified
versions of more complex eguations describing the
unsaturated flow and transport.

Unless there were sufficient data to prove to the
contrary, it would be assumed that the flow field was
uniform, and, a this time, there would be few
advantages to selecting a numerical model over an
analytical one. Analytical methods do exist that
describe the flow and transport of radionuclides
through fractures.  However, the fracture-flow
modeling would have to be performed as a sensitivity
analysis, as the information to adequately describe the
geometry of the fractures would seldom be available
before site characterization.

4.2.1.6 Uniform Properties

Homogeneity describes a system where al of the
characteristicsareuniformwithin theaquifer, whereas
isotropy means that the hydraulic properties are
identical inall directions. A homogeneoussystem may
have anisotropic flow properties, if, for example, an
otherwise homogeneous sandstone aquifer has a
greater hydraulic conductivity in the horizontal
direction than in the vertical. Therefore,
hydrogeol ogic units may have anisotropic qualities but
till be considered uniform throughout, provided the
anisotropy does not vary within the unit.

Prior to site characterization, only the most general
assumptions may be made regarding the relative flow
properties of the aquifers. For example, as a rule of
thumb, it is often assumed that the hydraulic
conductivity in the horizontal direction is ten times
greater than that in the vertical direction for
sedimentary deposits.

Except for some radial flow problems, amost all
availableanalytical solutionsbelong to systemshaving
auniform steady flow. Thismeansthat the magnitude
and direction of velocity throughout the system are
invariable with respect to time and space, which



reguires the system to be homogeneous and isotropic
with respect to thickness and hydraulic conductivity.
Therefore, analytical methods will not alow the
simulation of flow and transport through layers of
aquifers and aquitards. Furthermore, if there is a
divergence from these uniform properties within the
aquifer, such as direction flow properties of buried
stream channels, analytical modelswould be unableto
simulate the effect that these features would have on
flow and transport. However, it is unlikely that this
detailed information would be available prior to the
site characterization program.

4.2.2 SiteCharacterization

The primary reasonsfor ground-water modeling inthe
site characterization phase of the remedial processare
to: (1) refine the existing site-conceptual model; (2)
optimize the effectiveness of the site characterization
program; (3) support the baseline risk assessment; and
(4) provide preliminary input into the remedia
approach. To accomplish these goals, it is generally
necessary to apply relatively complex ground-water
models to simulate flow and transport in the saturated
zone and, in many instances, the unsaturated zone.

A properly designed site characterization programwill
expand the data base to enable very specific and often
demanding objectives to be addressed. To meet the
more rigorous requirements, the simplified modeling
approaches undertaken in the scoping phase give way
to more sophisticated means of data evaluation.
However, this added sophistication and heightened
expectations also convey far more complications in
selecting the proper modeling approach. Asdiscussed
previously, the two general types of modeling options
that could be selected during the site characterization
program include analytical and numerical modeling
methods.

In many instances, several different modeling
approaches will be taken to accomplish the objectives
at aparticular phaseintheinvestigation. For example,
the output of analytical modeling of the unsaturated
zone, in theform of radionuclide concentrations at the
interface between the saturated and unsaturated zone,
may be used as input to numerical models of the
saturated zone. It must always be kept in mind that,
regardless of the phase of the remedia process, the
simplest modeling approach that meets the modeling
objectives should be taken.

The site characterization program is the first timein
the investigation where flow and transport processes
are identified and investigated. Prior to site
characterization activities, the investigator could only
evaluatetheeffectsof various parameter valueson flow
and transport. In the scoping phase, the modeling
focuses on parameter estimations rather than on the
effectsthat geochemical and physical flow mechanisms
could have on the fate and transport of contaminants.
Examples of these mechanisms include processes
related to fractures, density dependence, phase
transformations, and changes in the geochemical
environment.

It isimportant during the site characterization to gain
an appreciation for the governing geochemical
processes, as these reactions may have a significant
impact on the transport of contaminants and can be
simulated indirectly in the analysis by assuming a
specified amount of contaminant retardation. Direct
means (computer codes) for simulating geochemical
processes are avail able; however, adetailed discussion
of these methods is beyond the scope of this report.

As additional data are acquired during the site
characterization program and abetter understanding of
the hydrogeology is achieved, the modeling approach
and code selection becomemoreinvolved. Without the
datalimitationsthat constrained the choice of methods
to those of an analytical nature in the scoping phase,
the number of possible alternatives in the modeling
approach and code selection process increases
significantly.

Rather than examine many of the available computer
codes and their inherent limitations and capahilities,
the following discussion addresses the rationale for
adopting a modeling approach that will be consistent
with the objectives. This is important because it is
relatively easy to determinethevariousattributesof the
existing computer codes, however, it is far more
difficult to understand the relevance of these attributes
as they apply to a specific site and the modeling
objectives.

The following subcategories, keyed to Table 4-1, are
analogous to those presented in the scoping phase.
Because the modeling objectives of the site
characterization phase differ from those of the scoping
phase, the approach to modeling is also different.



Basically, analytical methods will be replaced by
numerical methods in order to use less restrictive and
morerealistic assumptions. Thefollowing discussions
provide an overview of the concepts, terminology, and
thought processes necessary to facilitate the model and
computer code selection process. The modeling
approach in the site characterization program will
generally be based upon the following:

1 Site-Specific Approximations
1 Steady-State Flow/Transient Transport
I Multi-Dimensional

I Constant Boundary and Non-uniform Initial
Conditions

I Complex Flow and Transport Processes
1 System Heterogeneity

Obvioudly, if the site characterization activities
discover that the system is very smple and the
objectives can be addressed with analytical modeling,
an approach similar to that outlined in the scoping
phase can be taken.

4.2.2.1 Site-Specific Approximations

In the scoping phase of the investigation, the data
limitations impose a simple modeling approach
which uses conservative parameter estimates. One of
the primary objectives of the site characterization
program is to obtain sufficient data to enable the
conservative modeling approach to be replaced by a
defensible and more redlistic approach which
incorporates site-specific data.

Many of the objectives defined for the site
characterization phase of the investigation cannot be
met solely with conservative analyses. If parameter
values are not known, it may be necessary to make
conservative estimates, however, theimplications that
a conservative approach may have on other aspects of
the remedial program must also be considered. For
example, if, during the baseline risk assessment,
conservatively high hydraulic conductivities are used
in order to ensure that the downgradient contaminant
arrival timesare not underestimated, several problems
may occur. First, it would be difficult to calibrate the
model to known parameters (e.g., potentiometric
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surface), and adjustmentsto other parameterswould be
reguired in order to match measured field values. The
end result would be a model that poorly predicts
system responsesto hydraulic stresses (e.g., extraction
wells). A second problem would involve contaminant
concentrations. A conservative increase in hydraulic
conductivity would predict more ground-water flow
through the system than is actually occurring and may
underestimate the contaminant concentrations at
downgradient receptors. Furthermore, problems may
arise during the remedial design. If the modeling
results are used to estimate clean-up times, the model
may predict that water and contaminants are flowing
faster than they actualy are and at lower
concentrations. Thiswould result in an underestimate
of both the amount of time required for remediation as
well as the contaminant breakthrough concentrations.

The major impact that the formulation of a more
specific site-conceptual model will have on the
modeling approach isthat now parameter ranges have
been narrowed by additional data acquisition, and
sensitivity analyses can become more focused. This
parameter value refinement diminishes the need to
perform a multitude of sensitivity analyses. In
conjunction with the increased demand to more
accurately simulate the controlling flow and transport
processes, the primary advantages of analytical models
are superseded by their inability to simulate more
complex conditions. Therefore, the model selection
process is reduced to determining which numerical
model will best suit the objectives.

4.2.2.2 Steady-State Flow/Transient Transport

The data obtained during the site characterization
program are generally collected over relatively short
time intervals and frequently do not reflect the
temporal nature of the hydrogeologic system.
Unfortunately, objectives that need to be addressed
during the site characterization phase ofteninvolvethe
prediction of temporal trendsinthedata. For instance,
the risk assessment would generaly include an
analysis of the peak arrival times of radionuclides at
downgradient receptors. Thisincompatibility between
the objectives and data availability gives rise to some
of the greatest uncertainties associated with the entire
remedial investigation. However, one of the principal
utilities of mathematical models is their ability to
extrapolate unknown values through time.



The modeling approach during site characterization
will generally assume a steady-state flow field and
accommodate the transient nature of the system
through the contaminant transport analysis. Steady or
transient leaching rates would be used in conjunction
with the existing plume concentrations for initia
conditions. Therefore, the system is actually modeled
as a steady flow system and possibly a transient or
pulse-like source term. However, the transient nature
of the plume is generally used as a model calibration
parameter and is not carried forward into the
predictive analysis for future radionuclide
concentrations. That is, rarely arethere sufficient data
to describe the temporal nature of the source release.
Exceptions to this are when records are available
pertaining to the volumes of radioactive liquids that
were dumped over time into absorption trenches or
when correlations between rainfall events and source
leaching rates may be extrapol ated.

Analytical methods are able only to simulate systems
that assume steady-state flow conditions, athough
some analytical codes will allow for the simulation of
atransient sourceterm. Therefore, analytical methods
can be used to simulate the temporal nature of the
contaminant plumes to predict probable maximum
concentrations and contaminant arrival times.
However, other limitations within the analytical codes
oftenprecludetheir useduring thesitecharacterization
phase.

Almost all of the numerical transport codeswritten for
radioactive constituents are able to simulate constant
radionuclide source terms with radioactive decay.
However, if the simulation of a pulse-like source term
is desired, special care is needed to ensure that this
capability has been written into the code. Otherwise,
the source release would have to be manually
simulated using acodethat modelsasinglepulseinan
iterative fashion for each separate pulse.
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4.2.2.3 Multi-Dimensional

The site characterization program should be designed
to gather sufficient datato devel op athree-dimensional
conceptual model. It is only after the three-
dimensional system is relatively well understood that
it can be determined whether one-, two-, or three-
dimensional modeling is necessary. If one or two
dimensions are eliminated from the analysis, careful
consideration needs to be given to what impact
restricting the dimensions will have on the model's
capability to simulate existing field conditions.

The magnitude of flow and transport in any direction
relative to the other directions provides the rationale
for which dimension(s) should be included or
excluded. In most instances, flow and transport in the
unsaturated zone are assumed to be predominantly
downward with smaller horizontal components. If the
flow components are found to have two dominant flow
directions, atwo-dimensional cross section may allow
arepresentation of the flow field.

Modeling and field validation studies of the vadose
zone (the unsaturated zone) haveyielded mixed results
both in model calibration and in the comparison of
transport predictionsagainst measured field values. In
modeling the vadose zone, as well as the saturated
zone, the question is always how much uncertainty in
the results is acceptable to meet the objectives.

Two-dimensional simulationsof the saturated zoneare
usualy performed when the horizontal flow
components are far greater than the vertical flow
components, allowing the vertical components to be
ignored. However, much of the modeling performed
for site characterization will be on a scale where the
vertical components of flow are usually important
because many natural features, such as surface water
bodies, often have strong vertical flow components
associated with them. Furthermore, particular care
must be taken in eliminating the third dimension
because attempts to simulate three-dimensiona
processes in two dimensions can lead to difficultiesin
model calibration as well as in producing defensible
modeling results.

Water-level data collected from closely spaced wells
that penetrate the same aquifer at different depths
provideexcellentinformation onthevertical gradients.
This information may be used during the site
characterization program to determine the effective



hydraulic basement of any contamination present, as
well as recharge and discharge areas. If there are
strong vertical gradients, the capability to simulate the
vertica movement of ground water within the
hydrogeologic system becomes very important in
defining the nature and extent of the contaminant
plume.

It should also be kept in mind that two-dimensional
planar modeling will average the contaminant
concentrations over the entire thickness of the aquifer,
and the vertical definition of the contaminant plumes
will belost. This vertical averaging of contaminants
will result in lower downgradient concentrations and
may not support a base-line risk assessment. Again,
this exampleillustrates that the decision on how many
dimensions to include in the modeling must be tied
back to the objectives and the need to be aware of the
limitations imposed upon the results if one or more
dimensions are eliminated.

Therecent development of more sophisticated pre- and
post-processors greatly facilitate data entry and
processing. These advances, in conjunction with the
rapid increasein computer speedsover the past severa
years, have greatly reduced the time involved in
performing three-dimensional modeling. In general,
there are far more concerns associated with
constraining the analysis to two dimensions than
including the third dimension, even if many of the
parameters in the third dimension have to be
estimated.

Two-dimensional analyses during the site
characterization program are most valuable for
modeling the unsaturated zone and for performing
sensitivity analyses of selected cross-sections through
a three-dimensional model. Two-dimensional
approaches are also useful for performing regional
modeling from which the boundary conditions for a
more site-scale modeling study may be extrapol ated.

Theobjectivesfor most characterization programswill
be met only by modeling approaches and models that
aremulti-dimensional. Analytical modelsdo exist that
are two- and three-dimensional, but they have very
little versatility and would rarely suffice in meeting
complicated objectives. Furthermore, the likelihood
that analytical methods could be effectively used inthe
remedial design and evaluation are even more remote.
Therefore, numerical methodsshould almost alwaysbe
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chosen if detailed analysisis required to meet the site
characterization objectives.

There are numerous two- and three-dimensional flow
and transport codes to describe the saturated zone.
However, only a handful of three-dimensional codes
exist that describe flow and transport through the
unsaturated zone. A number of codes exist that are
generally three-dimensional; however, certain
transport properties (e.g., dispersion) within these
codes are simulated in only two dimensions. Special
attention should be given to ensure that the controlling
flow and transport processes are described in the
number of dimensions desired to meet the objectives.

Code selection should not only take into account the
required dimensionality of the site characterization
analysis, but also the projected modeling needs of the
remedial design and evaluation phase. It is much
easier to use a code with three-dimensional capability
for atwo-dimensional analysisand later expand to the
third dimension thanit isto set up athree-dimensional
code from output obtained from a separate two-
dimensional model.

4224 Congtant Boundary and Non-uniform
Initial Conditions

In general, boundary conditions are known or
estimated values that are assigned to surfaces and
planes that either frame the perimeter of the modeled
area or define the nature of release from the
contaminant source. The different types of flow
boundary conditions are: (@) head (ground-water
elevation) isknown for surfacesor planesbounding the
modeled region; (b) ground-water flow volumes are
known for surfaces or planes bounding the modeled
region; (c) some combination of (a) and (b) is known
for surfaces or planes bounding the region. Boundary
conditions could al so be assigned to interior features of
the modeled region where ground-water elevations or
flow volumes are known, such as lakes, rivers or
marshes.

Themost common contaminant-sourcetypeboundaries
either specify the source concentration or prescribethe
mass flux of contamination entering the system. The
concentration is generally prescribed when the release
rate islargely controlled by the solubility limits of the
contaminant. The massflux typeboundary istypically
used when a leaching rate is known or estimated.
Specialized source boundaries have aso been



formulated which alow the source to radioactively
decay. The ability of the code to treat source decay
may not beimportant if the parentsand daughtershave
a relatively long haf-life when compared to the
expected travel time to the nearest receptor.

One of the primary objectives of the site
characterization program is to identify the presence
and location of ground-water flow and contaminant
source boundaries so that they may be incorporated
into the conceptual model. These boundaries are
generally quantified in terms of the volume of ground
water and contamination moving through the system.
The physical boundaries are then trandated into
mathematical terms as input into the computer model.

Initial conditionsare defined asval uesof ground-water
elevation, flow volumes or contaminant
concentrations, which areinitially assigned to interior
areas of the modeled regions. At least for the flow
modeling performed during the site characterization,
the initial conditions are generally set to uniform
values. Thisisbecausethetemporal nature of the flow
system is usually poorly defined. In addition, if the
flow analysis is performed to steady-state, which is
usualy the case, the initial conditions assigned to the
model domain areirrelevant asidentical solutionswill
be reached for these values regardiess of the values
initially assigned. This occurs because these steady-
state values are solely dependent on the values
assigned to the boundaries of the model.

Non-uniform initial values (i.e., contaminant
concentrations) are routinely used in the contaminant
transport analysis to depict the geometry and varying
contaminant concentrationswithin plume, aswell asto
define the contaminant concentrations leaching from
the contaminant source. The ability of a codeto allow
non-uniform initial conditions would be essential to
fully describing and simulating the contaminant

plume(s).

Anaytical models are written for very specific
boundary conditionsand uniforminitial conditions. In
essence, this means that the boundary conditions
cannot vary spatially and, in most instances, only one
type of boundary condition can be accommodated.
Furthermore, analytical methods do not allow for the
contaminant source concentrations to change through
time and the measured plumevalues(i.e., non-uniform
initial conditions) cannot be input directly to the
model. Understandably, these restrictions would
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impose significant limitations on analyzing the data
collected during the site characterization program.

Numerical models are broadly designed to adapt to
many different types of boundary geometries and
initial conditions. Non-uniform initial conditions for
a single contaminant plume can almost aways be
varied spatially, depending upon the dimensionality of
the code.

The ability of numerical models to handle complex
boundaries and non-uniform initial conditions bestow
aversatility to theanalysiswhich should be compatible
with the objectives. This approach is consistent with
the principlesbehind coupling the sophistication of the
modeling with that of the existing knowledge base.

4.2.2.5 Complex Flow and Transport Processes

Site-specific information describing the flow and
transport processes which dominate the migration of
radionuclideswould not have been availableduring the
scoping phase of the investigation. As the site
characterization activitiesprogress, greater attentionis
focused upon the physical, chemical, and biological
processes that are affecting ground-water flow and
contaminant transport. Up until this time, the
attention has been placed primarily upon estimating
parameter ranges and variances within these ranges
via the sensitivity analyses. This approach has
limitations and needs to be broadened during the site
characterization phase if ground-water flow and
contaminant transport are to be well described. The
means by which this parameter-based approach is
expanded is by using computer codes that
mathematically accommodate the dominant flow and
transport processes. These processes could include
flow and transport through fractures, density-driven
flow, matrix diffusion, fingering, surfacewater/ground
water interactions, and geochemical reactions. If
present, each of these processes can invalidate the
output of models that are based on the assumption that
uniform flow and transport are occurring through a
homogenous porous media.

It is still likely that all of the geochemical reactions
that affect the radionuclide transport would be lumped
together into the single parameter termed the
distribution coefficient. However, abetter delinestion
of any geochemical facies would allow for the
distribution coefficient to vary from layer to layer as
well as within the units themselves. If thissimplified



means of simulating geochemical processesisfound to
be inadequate, it may be necessary to utilize
geochemical models in order to explicitly address
specific geochemical reactions by relying upon
thermodynamically based geochemical models.

Movement through the unsaturated zone could be
simulated in a number of different ways depending
upon the objectives. If the unsaturated zone is
relatively thin and travel timesare short, it may bethat
simplified versions of more complex equations
describing the unsaturated flow and transport would
suffice.  However, if the travel time through the
unsaturated zone is significant and accurate flow and
transport predictions are required, then mathematical
methods, which account for complex processes
associated with flow and transport through the
unsaturated zone, may be necessary.

The modeling objectives need to be defined prior to the
characterization; only in thisfashion can it be assured
that data are sufficient to perform modeling at the
necessary level of complexity. All too often,
limitations within the data, rather than the modeling
objectives, drive the sophistication of the modeling.

Analytical methods are not well suited to simulate
complex flow and transport processes. Further, even
numerical methods do not satisfactorily describe some
flow and transport processes. These processesinclude
facilitative transport and non-Darcian flow, which are
discussed in section 4.3.

4.2.2.6 System Heterogeneity

One of the primary objectives of the site
characterization program is to identify heterogeneity
within the system and to delineate zones of varying
hydraulic properties. System heterogeneity is one of
the leading causes of a poor understanding of the
physical system controlling flow and transport.

If the accurate simulation of heterogeneous rocks is
required to meet the modeling objectives, analytical
methods would be inappropriate as they assume the
rocksto all havethe same properties. In contrast, most
numerical codes allow for zones with different porous
rock properties; however, relatively few codes can
simulate discrete features, such as faults, fractures,
solution features, or macropores. Numerical codes
vary from one another in their ability to simulate sharp
contrastsin rock properties. For example, many codes
would have a problem arriving at a solution (i.e.,
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convergence) if very impermeable rocks dissected
highly permeable rocks. Therefore, if the site was
situated in an aluvial flood plane bordered by low
permeability bedrock, special care would be needed to
select acode that will not have numerical convergence
problems caused by permeability contrasts.

In selecting a computer code to be applied during the
site characterization, consideration should aso be
given to what scenarios may be modeled during the
remedial investigation. If a low-permeability slurry
wall or sheet pile cut-off walls may be installed, it
would be important that the computer code be able to
simulatethesefeaturesthrough permeability contrasts.
423 Remedial Phase

As the site investigation proceeds into the remedial
phase, data are acquired that will assist in the
identification of feasible remedial alternatives. These
data, in combination with models, are used to simulate
the flow and transport in support of the selection,
design, and implementation of the remedial
alternatives. The data and models are used to predict
the behavior of ground-water flow and the transport of
radionuclides and thereby aid in the selection and
design of the remedy and demonstrate that the sel ected
remedy will achieve the remedial goals.

The modeling objectives associated with remedial
alternative design are generally more ambitious than
those associated with the site characterization phase of
the remedial process. Therefore, it is often necessary
either to select a computer code with more advanced
capabilities, or modify the existing model in order to
simulate the more complex conditions inherent in the
remedial design. Thefollowing are specific examples
of processes that may not be important to the baseline
risk assessment and site characterization, but are often
essential to the remedial design:

1 three-dimensional flow and transport;

I matrix diffusion (pump and treat);

desaturation and resaturation of the aquifer
(pump and treat);

heat-energy transfer (in-situ vitrification/
freezing);

sharp contrasts in hydraulic conductivity
(barrier walls);



multiple aquifers (barrier walls);

the capability to move from confined to
unconfined conditions (pump and treat); and

ability to simulate complex flow conditions
(pumping wells, trenches, injection wells).

Fromamodeling standpoint, theremedial designisthe
most challenging phase of the remedial investigation.
Fregquently, it is the first time in the process that
sufficient data are available to enable the model
predictions to be verified. The very nature of many of
the potential remedia actions (e.g., pump and treat)
provideexcellent information onthetemporal response
of the flow and transport to hydraulic stresses. These
dataallow continuousrefinement to the calibration and
enable the model to become a very powerful
management tool.

Thefollowing describes modeling during the remedial
phase of the investigation. The modeling approaches
taken at various sites would generally have the
following characteristics in common:

I Remedia Action Specific

I Transient Flow and Transport

I Multi-Dimensional

1 Prescribed Boundary and Non-uniform
Initial Conditions

I Specialized Flow and Transport Processes

1 System Heterogeneity
4.2.3.1 Remedial Action Specific
As the site characterization process comes to an end
and the Remedial Design and Selection Phase is
entered, data have been acquired which will define the
remedial alternatives. The various remedial
alternatives can be conveniently grouped into the
following three categories:

I Immobilization

1 [|solation

I  Remova
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This section briefly describes each category, the types
of processes that need to be modeled to support each
category, and the special information needsfor each of
these categories. Theinformationisrequired not only
for implementation of the remedial design but also to
evaluateits effectivenessthrough numerical modeling.

Immobilization

Immobilization of the radioactive wastes refers to
physical, chemical, and/or biological processesused to
stabilizetheradionuclidesand precludetheir transport.
A number of treatment options exist, each having their
own associated modeling needs, including:

1 Physicd
e vapor extraction
* in-Situ coating
e grouting of fissures and pores
* in-situ freezing
* in-gitu vitrification

Chemica

*  induce secondary mineralization
*  induce complexation

e alter oxidation-reduction potential

Biotic
* in-situ microbial activity

Physical/Chemical

e alter surface tension relationships

e alter surface charges

* in-situ binding

e adsorbent injection

» radionuclide particle size augmentation
through clay flocculation

Thefollowing are the types of physical, chemical, and
biological processes that may need to be modeled to
support alternative remedies based onimmobilization:

1 Physical Properties and Processes
* unsaturated zone flow and transport
*  heat energy transfer
*  multiple layers
e vapor transport
e extreme heterogeneity
*  temperature-dependent flow and
transport

Chemical Properties and Processes
*  density-dependent flow and transport



*  oxidation-reduction reactions
e system thermodynamics

*  chemical speciation

*  ion-exchange phenomena

e precipitation

* natura colloidal formation

* radiolysis

e organic complexation

*  anion exclusion

Biotic Properties and Processes
*  biofixation

It would be ideal if these processes and properties
could be reliably described and modeled with
conventional and available models. However, many of
these propertiesand processes are not well understood,
and, in these instances, models do not exist that yield
reliable results.

The specialized datarequired to support ground-water
modeling of immobilization techniques include:

1 Determination of temperature-dependent
flow and transport parameters

Characterization of geochemical
environment

Determination of the alteration of the
physical rock propertiesthat govern flow and
transport

Characterization of the microbial
environment

Isolation

A common remedial aternative is to emplace
protective barriers either to prevent contaminated
ground water from migrating away from a
contaminated site or to divert incoming (i.e., clean)
ground water from the source of contaminants.
Several types of materials are being used to construct
such barriers, including soil and bentonite, cement and
bentonite, concrete, and sheet piling. Analternativeto
the physical emplacement of protective barriersisthe
use of hydraulic containment which involves
controlling the hydraulic gradient through the use of
injection and/or withdrawal wells or trenchesin order
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to contain and treat the contaminant plume. Examples
of potential barriers include the following:

1 Physicd
*  hydraulic containment
e grout curtains, sheet piling, bentonite

dlurry walls
 low permeability caps (clay and/or
synthetic)
I Chemicad

* ion-exchange barriers

Biotic
. microbial barriers

If properly designed and emplaced, such barriers can
last for severa decades, barring any geological
disturbances, such as tremors, ground settling,
significant changes in hydraulic gradients, etc.
Accordingly, such barriers can be useful in mitigating
the impacts of relatively short-lived radionuclides, or
to control the migration of long-lived radionuclides
until a more permanent remedy can be implemented.

Several mechanisms or processes can affect the long-
term integrity of such barriers. Once the installation
is complete, failures can be due to cracking,
hydrofracturing, tunnelling and piping, and chemical
disruption. Changes in the site's geological or
hydrological characteristics can adso lead to
catastrophic failures, such as partial collapse, settling,
and breaking. If a barrier should fail following
instalation, water may infiltrate the site, and
contaminated leachates may move beyond the site.
This type of failure could result in the dispersion of
contaminants in the environment.

The modeling approaches that would be consistent
with simulating the effects that flow barriers would
have on the fate and transport of radionuclides are
closdly tied to the ability of the code to accommodate
a number of factors, including: high permeability
contrasts, transient boundary conditions, and possibly
chemical and biological reactions. These
considerationswill bediscussed in greater detail inthe
following sections.

Thefollowing are the types of physical, chemical, and
biological processes that may need to be modeled to
support alternative remediesbased onisolation. Many
of these processes are very complex, and attempts at
modeling will meet with varying degrees of success:



Physical Properties and Processes

* unsaturated zone flow and transport

*  runoff

*  multiple layers

*  Vegetative cover

*  transient sourceterm

e extreme heterogeneity

o ared recharge and zero flux capability

Chemical Properties and Processes
* localized ion exchange phenomena

Biotic Properties and Processes
* localized biofixation
*  microbial population modeling

Typical characterization data needs related to barrier
emplacement include:

1 Barrier dimensions

Barrier hydraulic conductivity

Geochemical environment

Structural integrity of barrier/barrier
degradation

Microbial environment

Detailed hydrogeol ogy

Remova

Radioactively contaminated soil can result from the
disposal of both solid and liquid waste. Solid wastes
may have been buried in the past without sufficient
integrity of containment so that, eventualy,
radioactivity intermingled with the contiguous soil.
Percolation of rain water through shallow buria sites
can contributefurther to the migration of radionuclides
to lower depths as well as to some lateral movement.
Wider areas of contamination have occurred when
waste, stored temporarily at the surface, has lost
containment and has been disbursed by thewind. The
technologies that are most commonly applied to
remove solid, liquid, and vapor (e.g., tritium)
radionuclides include the following:
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1 Physicd
*  soil excavation (solid)
*  pump and treat (vapor)
* in-situ vaporization (liquid)

I Biotic
* injection and removal of biomass foam

Thefollowing are the types of physical, chemical, and
biological processes that may need to be modeled to
support aternative remedies based on removal. Most
of these processes and properties are readily described
in mathematical terms and can be modeled relatively
reliably. Obviously, modeling the biological activity
associated with theinjection of abiomasswill havethe
same limitations that are common to other types of
biological modeling.

1 Physical Properties and Processes
* transient source term
* unsaturated zone flow and transport
e matrix diffusion
»  desaturation and resaturation of the
aquifer
e vapor transport

1 Biotic Properties and Processes
»  physical injection and withdrawal of the
biomass
*  microbial population modeling

Typical characterization needsrelated to radionuclide
removal include:

Air permeability of the unsaturated zone
Unsaturated zone flow and transport
parameters

Areal extent of contaminated wastes

Depth to ground water

Saturated zone flow and transport properties

The degree to which these factors are addressed in the
modeling relies heavily upon the objectives aswell as
theavailability of therequired data. Specific examples
of how these considerations are tied into the modeling
approach are provided in the sections that follow.

4.2.3.2 Transent Solutions
The data that are available by the time the remedial

design phase is entered usually span arelatively long
time frame, which often allows the temporal nature of



the hydrogeologic system to berelatively well defined.
If thisisthe case, the remedial design objectives could
involve many criteria that could not have been met
during the modeling activities in the site
characterization phase. Many of these additional
criteriaof the design phase objectives may require that
the code have the capability to perform transient flow
and transport simulations. This capacity would be
necessary to evaluate the effectiveness of a number of
remedial alternatives. One such alterna-tive would be
the placement of earthen covers and a broad range of
natural and synthetic barriers, which are engineered to
establish a cap over surface and subsurface soil. One
of the objectives of the cover is to prevent rainwater
from percolating through contaminated soil and
carrying radionuclidesto the ground water. Inthesite
characterization program, the obj ectivesweresuch that
they could probably have been met by assuming
constant areal recharge over the modeled area
However, this steady-state approach woul d not account
for recharge rates which vary through time, which
would be needed to simulate the deterioration of the
cap and the subsequent effect on the radionuclide
leaching rates.

Soil excavation of radioactively contaminated soil will
result in some amount of residual radioactivity
remaining in the soil contiguous to the removal
operations. It could also result in the redistribution of
contaminants in the unsaturated zone. Without the
ability to perform transient simulations, with the
source now largely removed, it would not be possible
to determine how long it would take for the remedial
actions to have a noticeable effect on downgradient
receptors.

4.2.3.3 Multi-Dimensional

The need to perform three-dimensional modeling
during the remedial phase will largely depend upon
what remedial alternativesareunder considerationand
how the effectiveness of the selected alternative will be
evaluated.

The remedial aternatives that are most commonly
supported by three-dimensional and quasi-three-
dimensional modeling are those that impart a strong
artificial stress to the hydraulic flow field, such as
pumping wells and extraction trenches. Under many
circumstances, the vertical ground-water gradients,
prior to theseimposed stresses, would be several orders
of magnitude less than the horizontal gradients and,
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therefore, could be ignored in a one- or two-
dimensional flow anaysis. However, when the
hydraulic gradients are significantly altered by
imposed stresses, three-dimensional flow fields
generally develop. Without the capahility to simulate
the actual flow field in three dimensions, it would be
very difficult to effectively determine capture zones
and influent contaminant concentrations. This is
largely because vertical |eakance from units above and
below the screened interval of the extraction well
would be ignored as well as vertical concentration
gradients.

Ancther remedial aternative that generally creates
three-dimensional flow fields are physical barriers to
ground-water flow. Whether the barriers consist of
grout injection techniques, sheet pile cutoff walls, or
bentoniteslurry walls, al of these procedureswill have
a common problem which is that the hydraulic head
will build up behind the structures and induce vertical
gradients allowing ground water to flow under the
barriers. Inthese cases, the analysisof vertical flow is
essential in determining probableleakageratesand the
volume of water that would potentially flow through
the structure.

4.2.34 Transent Boundary and Non-Uniform
Initial Conditions

Most of the modeling analysis up until the remedial
phase can be performed with constant boundary
conditions. This means that physical features within
the modeled area, such as the water elevations of
surface water bodies and areal recharge, can be
simulated with values that remain constant with time.
Once the remedia phase is reached, however, the
modeling objectives may require that the transient
nature of these boundaries are incorporated into the
analysis, and time-weighted averagesmay no longer be
applicable.  For instance, water bodies, such as
radioactively contaminated waste lagoons, would
probably have been treated as constant boundaries
during the site characterization modeling, and their
water-surface elevations would have been held
constant. However, if one of the remedial activities
involved withdrawing contaminated water from one or
more of the lagoons, the effect that the change in
water-surface elevations would have on the ground-
water gradients could be evaluated only by simulating
the drop in surface elevations through time. This
would be done by prescribing the boundaries of the



lagoon(s) to change with time in order to simulate the
expected extraction rates.

The ability to prescribe boundaries within the model
would also be important in the evaluation of in-situ
soil flushing techniques, which are used to enhancethe
mobility of contaminants migrating towards recovery
points. Inthiscase, recharge would be varied through
time to reproduce the effects that various rates of
flushing would have on the ground-water flow and
contaminant transport.

Protective barriers to ground-water flow are
constructed of very low permeability material and
emplaced either to prevent contaminated ground water
from migrating away from asite or to divert incoming
clean ground water from the source of contaminants.
If properly designed and emplaced, barrierstoflow can
last for severa decades, barring any geological
disturbances, such as tremors, ground settling,
significant changes in hydraulic gradients, etc.
However, if abarrier shouldfail following installation,
water may infiltrate the site, and contaminated
leachates may move beyond the site. Therefore, the
effects that the failure of a barrier would have on
contaminant flow and transport should be evaluated
through modeling. There are a number of ways that
thefailure of the barrier could be simulated. The most
straightforward method is to use transient boundaries
to simulate additional flow through the barrier aswell
as a reduction in the difference between water-level
elevationsin front and behind the barrier. Therefore,
a code selected for this simulation should have the
capability to incorporate transient boundaries.

4.2.3.5 Specialized Flow and Transport Processes

The design and evaluation of remedial alternatives
frequently involve the consideration of flow and
transport processes that were probably not explicitly
modeled during the site characterization program.
These processes include:  complex geochemical
reactions, matrix diffusion, heat flow, and possibly
biological reactions.

As mentioned previously, numerical models that
satisfactorily couple ground-water flow and
contaminant transport to complex geochemical
reactions simply do not exist. The complex
geochemical models are based upon the laws of
thermodynamics, which means that they predict
whether the potential existsfor aparticular reaction to
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occur within a closed system. Despite many
shortcomings inherent within the methods for
analyzing complex geochemical reactions, it is
important that the controlling geochemical reactions
be examined, possibly inlaboratory benchscale or field
studies.  This is particularly important when
physical/chemical stabilization processes are under
consideration whereby physical or chemical agentsare
added to, and mixed with, awaste (typically sludgein
pits, ponds, and lagoons), with the objective of
improving the handling or leaching characteristics of
the waste destined for land disposal.

A detailed understanding of the geochemistry can also
be very useful in estimating leach rates for uranium
mill tailingswhich otherwise would be associated with
possibly unacceptably high uncertainties.

Matrix diffusion isthe process by which concentration
gradients cause contaminants either to moveinto or be
drawn out of low-permeability rocks where diffusion
governs contaminant transport rather than advection
and dispersion. Pump and treat systems will tend to
draw water from the more permeabl e units, which may
leavelarge volumesof contaminantsstoredintheclays
and other fine-grained materials, whichwill eventually
diffuse out. Many computer codes do not adequately
simulate this very slow process. If matrix diffusionis
not accounted for, the contaminant movement will be
based solely upon ground-water velocities rather than
the diffusion term.  Ground-water velocity will
generally move the contaminant much more rapidly
than diffusion, and clean-up timesmay bedramatically
underestimated.

In-situ vitrification (ISV) of soils is a therma
treatment and destruction process that achieves
stabilization by converting contaminated soil and
wastes into chemically inert, stable glass and
crystalline products, resembling obsidian. Predicting
theeffectivenessof ISV anditsimplementability would
require a number of specialized processes to be
modeled. One such process would be vapor transport
of radionuclides, such as tritium, which would be an
important health consideration if the mediawereto be
heated.

A mechanism that appears to affect the transport of
radionuclides under some conditions is microbial
fixation. Radionuclides may be immobilized and/or
mobilized by organisms or plants. Immobilization
may occur if radionuclides are incorporated in the cell



structure of microorganisms or plants that are
relatively stationary. Onthe other hand, radionuclides
may bemobilized by forming biocolloidswith bacteria,
spores, and viruses. Modeling of microbial processes
requires a code that, at a bare minimum, allows a
degradation rate to be assigned to the contaminant(s).

4.2.3.6 System Heter ogeneity

The ahility of acode to accommodate severe contrasts
in soil and rock properties is particularly important
during the design and evaluation of physical barriers
for protecting ground water. If the application
involves extending the barrier down to a low
permeability stratato form a seal and deter underflow
leakage, it would be important that the code allow the
incorporation of multiplestratigraphiclayersaswell as
sharp hydraulic conductivity contrasts. Only in this
manner could the effect on contaminant flow and
transport due to the effects of leakage through the
barrier wall and basement strata be eval uated.

4.3 SPECIFIC CONSIDERATIONS

The purpose of this sectionisto guide the Remediation
Manager and support personnel in determining what
specific capabilities are needed from a computer code
to address the modeling objectives. The discussion
focuses on explanations as to how specific site and
code characteristics will provide the information
necessary to decide whether various code attributes
could potentially assist in the analysis or be
detrimental to the analysis, or whether they are smply
unnecessary.

After the conceptual model is formulated and the
modeling objectives are clearly defined in terms of the
availabledata, theinvestigator should havearelatively
good idea of the level of sophistication that the
anticipated modeling will require. It now becomes
necessary to select one or more computer code(s) that
have the attributes necessary to describe
mathematically the conceptual model at the desired
level of detail. Thisstep in the code selection process
reguires detailed analysis of the conceptual model to
determine the degree to which specific waste and site
characteristics need to be explicitly modeled.

Fundamental questionsthat need to beanswered at this
stage in the code selection process are presented in
Table 4-2. In answering these questions, the
investigator must decide whether a particular code has
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the required capabilities and the importance of
individual aspects of the conceptual model in the
modeling analysis. It is generaly relatively
straightforward to ascertain whether a code has a
specific capability, and many documents are aready
available which provide thiskind of information. Itis
far more difficult to decide whether or not a certain
attribute of a model is needed to accomplish the
modeling objectives. Furthermore, other factors must
be considered in the code selection process which are
independent of the waste, site characteristics, and
modeling objectives. Thesefactorsareinherent inthe
individual computer codes and include: solution
methodology, availability of the code, hardware
reguirements, usability of the code, and the degree to
which the code has been tested and accepted.

Accordingly, this section has two goals:

1. to describe the detailed waste and site
characteristics and flow and transport processes
that may need to be explicitly modeled in order to
achieve the modeling objectives, and



Table 4-2. Questions Pertinent to Model Selection

Site-Related Features of Flow and Transport Codes

Source Characteristics

Does the contaminant enter the ground-water flow system at a point, or isit distributed along aline or
over an area?

Does the source consist of an initia pulse of contaminant, isit constant over time, or does it vary over
time?

I's the contaminant release solubility controlled?

Soil/Rock Characteristics

Are anisotropy and heterogeneity important?
Will fractures or macropores influence the flow and transport?
Are discrete soil layers relevant to the analysis?

Aquifer System Characteristics

What type of aguifers does the model need to simulate? Confined, unconfined, or both?
Does the model need to simulate compl ete dewatering of a confined aquifer?

Does the model need to simulate aquitards?

Does the model need to simulate the dewatering and resaturation of an aquifer?

Do multiple aquifers need to be accounted for?

Transport and Fate Processes

Which transport and fate processes need to be considered in the analysis (e.g., retardation, chain decay
reactions, matrix diffusion)?

Multiphase Fluid Conditions

Areall of the wastes miscible in water?
I's the gas phase important to the analysis?
Are density effects important?

Flow Conditions

Will flow be under fully saturated or partially saturated conditions?
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Table 4-2. (Continued)

Code-Related Features of Flow and Transport Codes

Time Dependence

Are the fluctuations in the hydrogeol ogic system significant, requiring transient analyses, or can they be
ignored and simulated as steady state?

Solution Methodology

How will the various mathematical methods used to solve the flow and transport equations affect the
model results and therefore code selection?

What will be the hardware requirements?
Code Geometry
In how many dimensions is the code capable of modeling the representative flow and transport processes?

Source Code Availability

Is the code publicly available?

If not, how much doesit cost and is the source code available?
Code Testing

Has the code been verified?

Has the code been field-validated?

Has the code been independently peer reviewed?

Code Input and Output

What input data parameters are required?
Does the code have a pre- or post-processor?
Will the code provide breakthrough curves?

How will the output depict plume extent?
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2. to describe the characteristics inherent in a
computer code that could influence the practical
usefulness of the code, including the usability of
the code and the extent to which the code has been
tested.

Once these two objectives are accomplished, the code
selection process becomes simply identifying the codes
that meet the modeling needs.

In light of these goals, this section is divided into two
parts, one addressing the site-related characteristics
and the other addressing code-related characteristics
that must be considered when selecting acode. Table
4-3 presents a matrix relating various site
characteristics and an example of codesthat explicitly
model those characteristics. Table 4-4 presents a
matrix relating various code characteristics and an
example of codes that have those characteristics. The
following sections discuss the conditions and
circumstances under which the various characteristics
are important.

Referring to Tables 4-3 and 4-4, it is not the intention
of this section to construct comprehensive reference
tables listing all available codes, but rather to provide
tables that clearly illustrate the criteria generally
considered in the identification of candidate computer
codes. Each of thecriteriaisdiscussed individually in
context to its relevance in answering the questions
identified in Table 